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Abstract 
Global biodiversity continues to decline rapidly, and addressing this situation requires an 
understanding of both the problems and the solutions. This understanding is urgently required 
for animals occupying wetlands, among the most threatened of all habitats globally. In this 
thesis I focus on the ecology and conservation of shorebirds, a group comprising many 
threatened and declining species dependent on wetlands throughout much of their annual 
cycle. I focus on threats operating within Australia, where wetland loss and degradation 
continues due to human activity. Non-migratory shorebird species that travel widely across 
Australia’s inland wetlands have been reported as declining in eastern Australia, but a 
national assessment is lacking. Migratory shorebird species that visit Australia from breeding 
grounds overseas appear to be declining most due to factors beyond Australia’s borders, but it 
is not clear if threats located in Australia are exacerbating these declines. I make the most of 
the rich data available on shorebirds in Australia to address these knowledge gaps, in the 
hopes of better targeting shorebird conservation actions in Australia. 
In chapter one I introduce the importance of conserving migratory and highly mobile species. 
I then review how pulses in resource availability such as those exemplified by Australia’s 
ephemeral wetlands impact wildlife populations. I also provide an overview of shorebird 
conservation in Australia. These introductions provide the theoretical underpinning for the 
work presented later, and highlight the challenges inherent in understanding where and when 
highly mobile species such as shorebirds have been impacted. 
In chapter two I show the benefits of applying a consistent approach to setting boundaries 
around areas used by migratory shorebirds during the non-breeding season. One of the first 
steps in identifying where conservation actions are needed for highly mobile species is 
defining the boundaries of management units where actions can be targeted, and which define 
the optimal scale for monitoring. I achieved this step by using expert knowledge to define the 
extent of area being used by the same local population of non-breeding shorebirds. These 
improved boundaries were at times very different to boundaries identified originally.  
In chapter three I analyse available Australian shorebird count data from many areas to 
determine if spatial variation in shorebird trends relates to local threats. I confirm Australia 
wide declines in a number of shorebird species, and add a few more to the list of shorebird 
species showing continental scale declines. I further show that declines are often greater in 
the south, but find substantial interspecific variation in trends with both latitude and 
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longitude. This suggests large scale patterns in the declines are not explained by local factors. 
For resident shorebirds I find rates of decline greater at non-tidal wetlands threatened by 
inappropriate water levels, while local threats do not appear to explain rates of decline in 
migrants. Results are consistent with other studies indicating wetland degradation in Australia 
has impacted resident shorebirds, but migrants have been impacted most by factors outside 
Australia. Heterogeneous trends in migrants do suggest, however, places where habitat 
management in Australia might have the largest positive impact. 
In chapter four I explore whether predictive modelling can improve our understanding of 
shorebird species’ distributions over time and space in a remote continent characterized by 
many sporadically available ephemeral wetlands. I view this as a critical first step in 
understanding the degree to which degradation of Australia’s inland wetlands has impacted 
shorebird populations. Results indicate that our predictions perform poorly at fine temporal 
and spatial scales, but they do capture long-term changes in abundance as well as average 
distribution patterns for 12 species. The models also deliver improved estimates of total 
population size, and indicate that at times some species experience far greater continental 
reductions in area of suitable habitat than other species.  
In chapter five I investigate whether regional or continental inland wetland degradation has 
impacted three species of migratory shorebird at three sites in southern Australia which use 
both coastal and inland wetland habitats. Results confirm that variation in abundance is 
somewhat explained by inland wetland conditions for Curlew Sandpiper, Sharp-tailed 
Sandpiper and Red-necked Stint. Juvenile ratios also are explained partially by inland 
wetland conditions suggesting young birds are even more likely to visit interior wetlands than 
adults. A small but significant amount of the variation in apparent survival in these species is 
also explained by inland wetland conditions. Results for Curlew Sandpiper suggest that 
inland wetland condition may be interacting with deteriorating conditions at stop-over 
locations resulting in a growing importance of inland wetland conditions for annual survival 
of this now critically endangered shorebird. These results point toward potential benefits of 
managing inland wetlands for shorebirds. 
In the last chapter I review how the findings presented in this thesis fit within a growing 
understanding of shorebird population ecology, and how these findings point toward more 
targeted conservation actions. I further explore the limitations of these studies, and highlight 
where further research would be most fruitful.
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1 Introduction 
1.1 The importance of conserving migratory and highly mobile species 
Migratory and other highly mobile animals have long generated wonder through their 
large-scale movements across the globe, often concentrating in spectacular numbers at 
particular places (Myers et al., 1987; Brower & Malcolm, 1991; Dingle & Drake, 2007). The 
vast areas these animals cover, and the variety of habitats that they use, make them 
challenging to study at sufficient scales to inform on their conservation (Webster et al., 2002; 
Wilcove & Wikelski, 2008; Bowlin et al., 2010; Faaborg et al., 2010a). Such studies, 
however, are increasingly required as migratory species are becoming more and more 
threatened throughout the world (Wilcove & Wikelski, 2008; Bowlin et al., 2010). Unlike 
sedentary species that rely on specific habitats which can be conserved when identified, 
migratory or highly mobile species can face potential threats throughout the vast areas they 
travel, yet the relative importance of many habitats to such species remains poorly understood 
(Wilcove & Wikelski, 2008; Carlisle et al., 2009). It is believed that these cumulative threats 
that migratory animals face throughout their migrations may be why they are now showing 
increasing signs of widespread population declines (Wilcove & Wikelski, 2008) and might 
explain the increasing evidence that long-distance migrants are declining more rapidly than 
resident species or short distance migrants (Sanderson et al., 2006).  
One group of migratory animals showing the most widespread population declines are 
the migratory shorebirds (International Wader Study Group, 2003; Stroud et al., 2006; 
Piersma, 2007) and in the East-Asian Australasian Flyway (EAAF), those declines are 
especially acute (Nebel et al., 2008; Amano et al., 2010; Wilson et al., 2011b; Cooper et al., 
2012; Minton et al., 2012). Australia is at the southern end of the EAAF, which stretches 
through east Asia to Siberia and Alaska. Australia supports between 3 and 5 million visiting 
migratory shorebirds in the non-breeding season (the austral summer) each year (Watkins, 
1993; Bamford et al., 2008). Recent work has highlighted how threats to migratory 
shorebirds in the EAAF are growing, with large losses of coastal habitats they use to refuel 
during migration in east Asia (Murray et al., 2014; Murray et al., 2015) and further work has 
demonstrated how impacts to migratory shorebird populations are amplified when habitat 
losses occur at staging areas (Baker et al., 2004; Moores et al., 2008; Iwamura et al., 2013). 
Iwamura et al (2013) showed how a 30% loss of habitat in coastal areas such as East Asia’s 
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Yellow Sea might result in as much as a 70% decline in some shorebird populations due to 
the large percentage of some populations reliant on those habitats during migration. There is 
little doubt that the most pressing conservation need for migratory shorebirds reliant on 
coastal staging habitats in the EAAF is to ensure adequate protections for the remaining 
important coastal staging habitats in east Asia which are being lost at alarming rates 
(MacKinnon et al., 2012; Murray et al., 2014; Piersma et al., 2015). However, several 
shorebird species migrate across a broad front and use a wide variety of wetland habitats 
(Boere & Stroud, 2006; Hagemeijer, 2006), and conserving them requires broader strategies 
that account for the irregularity in suitability of many inland wetlands (Skagen & Knopf, 
1993; Haig et al., 1998). Such strategies are also needed for a number of highly mobile but 
non-migratory shorebirds which track ephemeral pulses in wetland availability across 
Australia and which have been reported as declining across eastern Australia (Nebel et al., 
2008). 
In Australia, the conservation of non-breeding habitats for migratory shorebirds are 
thought to be critical for the long-term viability of populations (DEH, 2006; DEWHA, 2009). 
For both migratory and non-migratory shorebirds which are not coastal specialists and that 
move across the landscape in response to changes in wetland availability, the geographic 
location of important habitats can vary substantially over time (Kingsford & Norman, 2002). 
This variation in habitat suitability can cloud conservation efforts, monitoring effectiveness, 
and understandings of the costs and benefits of the overall availability of ephemeral wetlands. 
With Australia’s wetlands becoming increasingly degraded or disappearing (Nielsen et al., 
2012; Finlayson et al., 2013), the need to identify which wetlands are required to maintain 
shorebird populations is growing. Existing metrics on the importance of a wetland for 
shorebirds rely on counts of the number of birds that use the habitat (DEWHA, 2009; 
Clemens et al., 2010), but high spatial and temporal variation in the availability of ephemeral 
habitats has left no clear understanding of how, where or when to take conservation action 
related to ephemeral wetlands that would be sufficient to protect these species. As Piersma 
(2007) points out, people throughout the globe are conducting unintended massive scale 
experiments on the impacts of habitat loss and degradation on shorebird populations. 
Understanding the importance of ephemeral habitats used in the non-breeding season will 
help ensure better interpretation of the results of these unintended experiments, and formulate 
an efficient conservation framework sufficient to further limit losses. Similarly, work to more 
fully assess how shorebird populations are doing throughout Australia, and to build our 
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understanding all the threats to shorebirds in Australia would guide improved conservation 
actions. 
1.2 Importance of pulses in resource availability 
Highly mobile species can exploit pulses in resource availability, and many species 
are adapted to use ephemeral habitats. However, our theoretical understanding of the impact 
of resource pulses on animal populations is nascent (Jonzen et al., 2004; Sears et al., 2004a; 
Anderson et al., 2008; Holt, 2008; Yang et al., 2008; Yang et al., 2010), and results from a 
limited number of studies on pulses as diverse as locust plagues (Zwarts et al., 2009), unusual 
weather events such as El Niño driven events or rain (Jaksic & Lazo, 1999; Letnic et al., 
2005; Kelt et al., 2012; Russell & Ruffino, 2012), dynamic production from masting trees 
(McShea, 2000), or lemming cycles (Giroux et al., 2012). Among sedentary consumers, 
pulses typically result in a spike in consumer populations followed by a trough in consumer 
abundance driven by an over-abundance of consumers relative to the (now declining) size of 
the resource base (Holt, 2008). In theory, then, pulses in resource availability could result in a 
decline in sedentary consumer populations even where the same average level of resources 
would not lead to a decline if those resources were stable (Holt, 2008). Highly mobile and 
migratory species are not so constrained in space, and can move from the location of one 
resource pulse to another, seeking out other pulses as a pulse in one location diminishes 
(Holt, 2008). This potentially allows migratory or highly mobile species to seek out both 
spatial and temporal subsidies in resource availability allowing their populations to 
theoretically persist at higher average levels than they could if such pulses were not available 
(Sears et al., 2004a; Holt, 2008). The degree to which the absence of these subsidies results in 
population crashes remains unclear.  
Australia’s pulses in the availability of water make it unique in the scale at which 
wetlands come and go, with vast parts of the continent full of wetlands one year, only to 
return to near empty deserts in following years (Kingsford et al., 2010). West Africa is 
perhaps the only other place that experiences similar if far less dynamic changes in wetland 
availability over relatively short time scales (Zwarts et al., 2009). In Africa, non-breeding 
Black-tailed Godwit Limosa limosa and Ruff Philomachus pugnax are believed to move 
widely to alternate habitats while wintering in Africa, as conditions become unsuitable in the 
Sahel (Zwarts et al., 2009). In Australia, Curlew Sandpiper Calidris ferruginea, Sharp-tailed 
Sandpiper Calidris acuminata, and Common Greenshank Tringa nebularia have long been 
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known to respond to inland rains, by moving from traditional coastal habitats to various 
inland wetlands (Alcorn et al., 1994). Red-necked Stint Calidris ruficollis have not been 
recorded moving in response to rain (Alcorn et al., 1994), but they have been observed in 
variable numbers in Australia’s ephemeral wetlands (Kingsford & Porter, 1993; Alcorn et al., 
1994). Many of Australia’s aquatic invertebrates which shorebirds rely on for food are 
similarly reliant on periodic filling of wetlands and as the length of dry periods increases, 
their species richness once water finally does return is diminished (Nielsen et al., 2012).   
In West Africa, after inland wetlands fill, shorebird prey such as Corbicula spp. can 
be found at densities of 9.5/m2, but as the wetland dries, prey densities increase to 2400/m2 
with a corresponding increase in Red Knot Calidris canutus foraging intake rates and 
densities of birds (Zwarts et al., 2009). When these high densities of prey are available, 
shorebirds are able to gain enough energy to fatten up quickly and sufficiently to fuel 
migration to Europe (Zwarts et al., 2009). At artificial wetlands throughout the world 
shorebird prey availability can be managed to be more abundant and accessible through 
management of the regime of flooding and drawdown (Rehfisch, 1994b; Anderson & Smith, 
2000; Sanders, 2000). Shorebirds in Australia that respond to inland rainfall may be similarly 
adapted to seek out these large advantageous pulses in food availability associated with 
flooding and subsequent draw down of water levels at natural wetlands, which may have 
resulted in populations being sustained at higher levels than would have been possible if they 
never dispersed from coastal sites (Figures 1 & 2).  
There are some examples of inland wetlands in Australia that have briefly supported 
over 20% of the flyway populations of some migratory shorebird species. For example, at 
Lake Cawndilla in Feb 1996, a ground survey verified over 37,500 Sharp-tailed Sandpipers at 
the lake after it had dried out to less than ½ its original size (BirdLife unpublished data). 
Another similar pulse occurred in 1990 when nearly 137,000 small shorebirds congregated in 
an area of less than 100 km 2 in the northern part of Lake Eyre, near where freshwater was 
flowing into the lake (Kingsford & Porter, 1993). This large salt lake in central Australia fills 
up sporadically after flooding rains fall to the north and in 1990 the north end of the lake 
started to fill in August. Given the remoteness of Australia, and limited spatial and temporal 
survey coverage of these areas, I suspect these kinds of resource pulses in migratory 
shorebird abundance may be more common than have been observed. 
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1.3 Australian shorebird conservation overview 
The world’s biodiversity and associated ecological systems are increasingly being lost 
and threatened throughout the earth’s biosphere (Wilson, 1989; Butchart et al., 2010; Hooper 
et al., 2012). These declines have led to the use of the term “Anthropocene” by a growing 
number of conservationists to describe the current time period where human activity is the 
dominant agent of changes in the biosphere (Crutzen, 2002; Steffen et al., 2011). While it has 
been pointed out that there remain intact and pristine systems which it is not too late to 
preserve (Wilson, 2016), there is increasing consensus that threats to the earth’s biodiversity 
are growing (Butchart et al., 2010). Unfortunately, knowledge of the biosphere is so 
incomplete that there is no precise estimate (8.7 million +/- 1.3 million SE) on the number of 
species found on the earth (Mora et al., 2011), or the rate at which they are currently going 
extinct (Barnosky et al., 2011). Many in conservation are keen to address this woeful lack of 
knowledge as actions taken without an understanding of complexities within natural systems 
or a real understanding of the inventory of biodiversity which may be impacted risks 
accelerating unintended impacts (Wilson, 2016). Others, however, are most keenly focussed 
on the immediate need for optimal action to halt ongoing declines of biodiversity despite 
uncertainties (Possingham et al., 2001; Soulé & Orians, 2001). The more both of these 
approaches are resourced, the more likely the conservation of the earth’s biodiversity can be 
maximised and both approaches can be informed by the increasingly vast sets of available 
data. When looking to make the most of the information that is currently available, decision 
makers are generally left with data on either the readily observable features of the biosphere, 
or the most charismatic, interesting or awe inspiring components (Clark & May, 2002). 
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Figure 1.1 Conceptual diagram of the location and causes of population changes in 
migratory shorebirds. Yellow highlights the components of this system that this PhD 
focuses on, thicker arrows indicate relative importance as suggested by an informal 
literature review. 
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Figure 1.2 Conceptual diagram showing the relationships between three major 
habitat types for Australia’s migratory shorebirds: artificial wetlands, ephemeral 
wetlands, and coastal sites. In this PhD thesis I aim to characterise these pulses in 
inland wetland suitability, and examine the impacts of those pulses on populations in 
the hope that this understanding will point toward needed conservation responses. 
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This bias in species selection may explain why shorebirds are one of the better studied taxa, 
as they have all these characteristics. They are relatively easy to observe due to their tendency 
to form awe inspiring large flocks (Lane, 1987; Bamford et al., 2008). Their migrations are 
interesting due to their physiological capacities beyond what humans are capable of, and their 
abilities to navigate the globe (Geering et al., 2007; Colwell, 2010). Admittedly, shorebirds 
are less charismatic than tigers or elephants, but colourful plumages and unique behaviours 
make shorebirds one of the more alluring taxa on which to focus (van de Kam et al., 2004). 
While bias may have been present in the selection of shorebirds to study, it has non-the-less 
resulted in a treasure trove of data that those studying more obscure taxa would envy. This 
thesis aims to glean a small bit of understanding about the ecology and conservation of these 
incredible birds from the vast volumes of available data. 
Shorebirds as a group are showing increasing signs of global population declines 
(Piersma & Lindstrom, 2004; Thomas et al., 2006; Amano et al., 2010), and they occupy and 
move between some of the most threatened habitats on the globe. Many shorebirds breed in 
the arctic where climate change is having some of its largest impacts (Assessment Arctic 
Climate Impact, 2004). Further south shorebirds are often found within a variety of wetlands, 
many of which are threatened, degraded, or which have completely disappeared (Millennium 
Ecosystem Assessment, 2005; Davidson, 2014). Shorebirds represent observable indicators of 
the impact of the human footprint, especially impacts on wetlands (Sutherland et al., 2012). 
However, like all migratory or highly mobile birds, due to their extensive movements across 
vast distances, untangling which of the potential impacts has driven population declines 
represents a real challenge for researchers (Faaborg et al., 2010a). With the shorebird 
populations of the East-Asian Australasian Flyway showing some of the steepest and most 
widespread declines (Nebel et al., 2008; Creed & Bailey, 2009; Amano et al., 2010; Wilson 
et al., 2011b; Cooper et al., 2012; Minton et al., 2012) the need to identify causes of decline 
and conservation responses has become urgent. 
Fortunately, two large causes of the massive declines in Australia’s shorebirds appear 
to have now been identified. First, research has indicated that several of Australia’s highly 
mobile non-migratory shorebirds and small migratory shorebirds have declined in eastern 
Australia do to the over-extraction, and regulation of water that once filled many inland 
wetlands (Nebel et al., 2008). Second, the growing list of declining migratory shorebirds that 
visit Australia have increasingly been related to the loss of inter-tidal habitats in east Asia 
(Iwamura et al., 2013; Murray et al., 2014; Piersma et al., 2015; Studds et al., in press). It 
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remains unclear, however, the degree to which inland wetland degradation in Australia has 
impacted shorebird populations, or if many of the other threats to shorebirds operating in 
Australia might be having additional impacts. For example in Australia, historic losses of 
habitat have likely had impacts on local populations (Pegler, 1997), and the worst 
documented impacts of recent habitat degradation on shorebirds near the coast in Australia 
relate to low volumes of water flowing into the 140km long Coorong (Paton & Bailey, 2012). 
Smaller examples of habitat loss have also occurred along Australian coasts (Edyvane, 1999; 
Purnell et al., 2012), and reductions in adequate roosting sites have become a growing threat 
(Rogers et al., 2006c). Habitat degradation leading to diminished food supplies could also be 
contributing to shorebird declines (Baker et al., 2004). Additionally, one of the most 
widespread threats to shorebirds relates to the high levels of human disturbance (Paton et al., 
2000; Milton & Harding, 2012; Weston et al., 2012). This leads to higher rates of energy 
expenditure which can reduce pre-migration departure condition and subsequent survival 
during migration (Pfister et al., 1992; West et al., 2002; Burger et al., 2004; Goss-Custard et 
al., 2006; Peters & Otis, 2007). A full understanding of the degree to which this variety of 
threats may be limiting populations is currently lacking. 
Australia has likely reduced harmful effects to shorebirds through application of the 
precautionary principle when looking to minimise impacts to the environment and 
specifically to migratory shorebirds (Fisher et al., 2006). However, a greater understanding of 
where, and to what degree shorebirds are being impacted within Australia would result in 
improved targeting of conservation actions. Australia is well placed to take additional 
conservation actions for shorebirds given a broad legal framework in place to conserve 
biodiversity in the Environment Protection and Biodiversity Conservation Act 1999, as well 
as conservation plans for migratory shorebirds (Commonwealth of Australia, 2016), plans to 
manage Australia’s Murray-Darling Basin wetlands (Pittock & Finlayson, 2011; MDBA, 
2013a), and a network of Ramsar sites which various stakeholders have agreed to protect 
(Kleijn et al., 2014). Again, the evidence so far indicates a reduction of wetland habitat 
through over-extraction of water have had the largest impacts on shorebirds in eastern 
Australia (Nebel et al., 2008), especially at the Coorong (Paton & Bailey, 2012). Wetland 
conditions in these areas are arguably driven by the regulation of water from the Murray-
Darling Basin, and the government has pledged to invest 3.1 billion dollars to restore and 
regulate flows in the Murray Darling Basin catchment (MDBA, 2013a, b). Precise plans on 
how additional water might be used specifically to aid shorebirds have not been developed, in 
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part due to a lack of certainty regarding what if any additional steps might be required. 
Untangling the degree to which shorebird population regulation is related to different 
Australian inland wetland conditions could spark targeted conservation actions within this 
huge drainage basin.  
 Australia is a desert continent and like many deserts, its biological productivity is 
principally driven by a series of brief pulses in the availability of water. There are a number 
of non-migratory species that are adapted to these resource pulses, with some probably 
completely reliant on them (Kingsford & Norman, 2002). For example, the Banded Stilt 
(Cladorhynchus leucocephalus) breeds colonially in the brief period when brine shrimp 
Artemia spp. or Paratemia spp. populations peak in large ephemeral salt lakes (Collard et al., 
2010; Pedler et al., 2014). Human activity, such as river regulation tends to dampen both the 
magnitude and duration of many pulses in resource availability (Kingsford, 2000), and 
climate change is expected to further change Australian wetland pulse dynamics in the future 
(Finlayson et al., 2013). While occupancy of different kinds of non-breeding habitat has 
measurable effects on body condition and population growth rate in migratory birds (Marra & 
Holmes, 2001; Norris et al., 2004; Norris, 2005; Alves et al., 2013), it remains unknown 
whether pulses in habitat availability translate into population level effects that when absent 
or changed result in declining populations. Improving understandings of how migratory 
populations respond to pulses in resource availability will allow determination of how 
variation in the magnitude, duration and frequency of fluctuations in resource availability 
affect animal population sizes. It will also improve efforts aimed at monitoring and 
conserving migratory populations by helping to explain variation in the abundance of 
individuals at any place in time, and direct management actions within these dynamic 
systems. 
 
1.4 Structural overview 
In my PhD research I examine available data (Minton, 2006b; Minton, 2006a; 
Kingsford & Porter, 2009; Clemens et al., 2012a) on the taxonomically and ecologically 
diverse group of shorebirds found in Australia (Marchant & Higgins, 1993; Higgins & 
Davies, 1996). More information on the species selected is available in Appendix A. I first 
identify the best way in which to organise the available shorebird count data in an effort to 
define independent spatial units (Chapter 2). I then use as much of the available count data as 
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possible to look at how population trends at monitoring areas throughout Australia vary, and 
test whether local threats are related to any variation (Chapter 3). In chapter three I expect to 
find variables at the scale of local wetlands to be significant if local threats have been 
impacting shorebird populations nationally.  If, however, remote causes have been driving 
population changes, I expect to find trends to be more similar across the continent, with some 
geographic variation related to migration strategies and juvenile settlement patterns. Next, I 
develop monthly species distribution models across the whole of interior Australia for three 
decades to attempt to characterise shorebird use of dynamic inland wetlands (Chapter 4). In 
chapter four I expect to be able to predict fine scale changes in shorebird abundance as well 
as large scale pulses in the total abundance of shorebirds within the interior of Australia. I 
then investigate 30 years of mark-recapture data to determine whether the characteristics of 
changing inland wetland conditions are related to survival in three migratory shorebirds 
known to use inland habitats when they are available (Chapter 5). In chapter five I expect 
coastal shorebird abundance and juvenile ratios to be lower when inland conditions have been 
wetter and cooler, while I expect survival to be higher in those years. The overall aim of my 
PhD thesis is to synthesise the vast data sets on Australian shorebirds to determine which 
continental scale changes in abundance are related to which Australian based threats to 
shorebirds (Figure 1.1), with an emphasis on looking closely at the impacts of deteriorating 
inland conditions (Figure 1.2) in the hope that such understandings will point to needed 
conservation actions.   
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2 Lines in the mud; revisiting the boundaries of important shorebird 
areas 
 
2.1 Abstract 
Many shorebird populations are declining throughout the world, concurrent with 
declines and degradation of wetland habitats. Such declines necessitate a more consistent 
approach toward conserving habitats used by shorebird populations. Individuals of many 
shorebird species congregate in specific areas during their non-breeding season. Worldwide, 
non-breeding areas are designated as ‘important’ for shorebird conservation based primarily 
on the abundance of birds found in an area. However, the boundaries of any area are often 
defined with incomplete information regarding how shorebirds use that habitat. This paper 
discusses examples in Australia where improved knowledge of shorebird habitat use led to 
the identification of very different boundaries of important shorebird areas than those 
identified originally. We highlight how simple questioning of those who count shorebirds in 
an area, led to an improved understanding of which areas were apparently used by the same 
local population of non-breeding shorebirds. Subsequent analysis of available count, 
recapture and/or home range data of particular shorebird species is needed to verify expert 
opinion regarding most of these boundaries. We review how enhanced boundaries improve 
the ability of shorebird monitoring to detect population changes; allow management of 
shorebird habitats at relevant spatial scales; and lead to appropriate designations of important 
areas. While the kinds of approaches to boundary setting described here are not new, they are 
not consistently applied worldwide. We suggest additional guidelines to those produced 
under the Ramsar Convention in regard to designating important areas. We also call for more 
studies on the movements of migratory shorebirds during the non-breeding season to direct 
more consistent boundary setting around important non-breeding habitats used by local 
populations of migratory shorebirds. 
Clemens, R.S., Herrod, A. & Weston, M.A. (2014) Lines in the mud; revisiting the 
boundaries of important shorebird areas. Journal for Nature Conservation, 22, 59-67. 
  
39 
2.2 Introduction 
Migratory shorebirds are a group of birds showing one of the largest and most 
widespread population declines (International Wader Study Group, 2003; Stroud et al., 2006; 
Piersma, 2007), and these declines are becoming especially acute in the East-Asian 
Australasian flyway (Nebel et al., 2008; Amano et al., 2010; Wilson et al., 2011b; Minton et 
al., 2012). This is largely attributed to loss or degradation of habitats that hold high numbers 
of shorebirds (Baker et al., 2004; Moores et al., 2008) and the continuing loss of wetland 
habitats is of increasing conservation concern for these birds globally (Hagemeijer, 2006). 
Further deleterious impacts are expected as the climate warms (Finlayson et al., 2013; Junk et 
al., 2013).  
 Shorebirds are incredibly diverse and some species in Australia often occur in 
non-wetland habitats such as Oriental Plover Charadriidae veredus and Oriental Pratincole 
Glareola maldivarum, are found in very low concentrations like Latham’s Snipe Gallinago 
hardwickii, or occupy a variety of wetlands such at river edges, flooded pastures or artificial 
habitats (Marchant & Higgins, 1993; Higgins & Davies, 1996; Weston et al., 2009; ARKive, 
2013a; Cardilini et al., 2013). However, one of the unique traits many species of shorebird 
share, is their tendency to concentrate in large numbers at some non-breeding habitats, 
something that results in large proportions of species’ populations being supported in 
relatively few areas (Myers et al., 1987). A key approach to conserving shorebirds has been 
to identify ‘important areas’ for species that concentrate in large numbers in their non-
breeding distribution, and to manage these appropriately to ensure shorebird populations are 
maintained (Kuijken, 2006; Mundkur, 2006). The current set of identified important 
shorebird areas is the cornerstone of migratory shorebird conservation in Australia (Watkins, 
1993; DEH, 2006; Bamford et al., 2008; DEWHA, 2009). In Australia, like much of the 
globe, during the non-breeding season wetlands support extremely high numbers of 
waterbirds (Boere & Stroud, 2006), and internationally important areas for shorebirds are 
designated if the area supports over 20,000 waterbirds, or over 1% of the flyway population 
of any species (Ramsar Convention Secretariat, 2010); Table 2.1). The Australian Federal 
Government also recognises any area with over 2,000 shorebirds or 0.1% of the flyway 
population as being nationally important (DEWHA, 2009); Table 2.1). The Ramsar criteria 
have been used to help define boundaries of important habitat in Australia, including the 
preference to include wetland ‘complexes’ or clusters of sites that are linked either 
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hydrologically or through their use by a common population of animal (Ramsar Convention 
Secretariat, 2010).  
 
Table 2.1 Summary of the kinds of criteria used to identify significant shorebird 
areas throughout the world. Note that many approaches involve a hierarchy of 
classifications. 
 
Protocol Shorebird trigger criteria for site recognition as ‘important’ 
Ramsar 
Convention (1971)  
Any Shorebird area on the globe can be identified as being internationally significant if it 
regularly supports: 
 at least 20,000 waterbirds, or 
 at least 1% of the individuals in a population of one species or sub-species of waterbird 
These areas are flagged as internationally important in Australia 
East Asian-
Australasian Shorebird 
Site Network (1996) 
Two categories of site importance: 
1. “Internationally significant sites” (same criteria as used for Ramsar above except that waterbirds 
has been replaced with “shorebirds”): 
2. “Nationally important sites” were recommended as: 
 areas with 10,000 or more shorebirds, or 
 for areas that support 1% or more of the individuals of the Australian population of a 
species or sub-species. 
Western 
Hemisphere Shorebird 
Reserve Network 
(1985) 
Three categories of site importance: 
1) “Hemispheric Sites” hold at least 500,000 shorebirds annually or 30% of the biogeographic 
population for a species,  
2) “International Sites” hold at least 100,000 shorebirds annually or 10% of the biogeographic 
population for a species, and  
3) “Regional Sites” hold at least 20,000 shorebirds annually or 1% of the species biogeographic 
population for a species. 
Second tier of 
nationally important 
sites (UK):   
 
Sites of 
Special Scientific 
Interest  
Nationally important sites are:  
  where 1% or more of the national population of a non-breeding species or sub-species has 
been recorded   
 where semi-natural habitats hold at least 70 breeding species, 90 non-breeding species, or 150 
transient species, or 
 where pre-set index thresholds for different habitat types are exceeded by cumulative scores of 
the species present that related to the national breeding population. 
Australia’s 
draft national significant 
impact guidelines under 
the EPBC Act 
Nationally important shorebird areas are: 
 
 identified as internationally important, or 
 support at least 0.1% of the flyway population of a single species, or 
 support at least 2000 migratory shorebirds, or 
 support at least 15 shorebird species. 
 
During the non-breeding season, one common way in which spatially separated 
shorebird habitats remain “ecologically linked’’ (Wright et al., 2010) is through the foraging 
and roosting behaviour of shorebirds. Shorebirds that forage across expansive tidal flats are 
forced to other areas when the flats become regularly inaccessible as they are covered by 
water during higher tides. At these times many shorebirds seek out relatively open and 
undisturbed roosting locations where they can rest and remain vigilant for predators (Colwell, 
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2010). Shorebird conservation has long recognised the need to protect these linked habitats to 
conserve the birds in an area, and growing evidence demonstrates the importance of roosting 
habitats that are close to foraging habitats, which reduce energetic expenditures of travelling 
between roosting and foraging locations (Rogers et al., 2006b).   
 Ecologically linked wetlands can also include separate wetlands within the 
home range of non-breeding shorebirds between which shorebirds regularly move for other 
reasons. These between-wetland movements are thought to be triggered largely by dynamic 
food availability, changes in water levels at inland wetlands, avoidance of predators or 
disturbance, or different habitat requirements in different weather conditions, tide heights, or 
time of day. Increasingly, these kinds of considerations are being used to determine 
appropriate boundaries around important shorebird habitats (Wright et al., 2010; EGA-
RAC/SPA waterbird census team, 2012), and we would suggest such considerations have 
often been followed in areas where well developed local shorebird expertise was sought out 
when establishing boundaries.   
In Australia, the boundaries around important shorebird habitat attempt to include 
separate but ecologically linked habitats. At most tidal habitats, coarse boundaries define 
large areas while attempting to encompass most of the separate habitats used for foraging and 
roosting by groups of shorebirds within estuaries or other tidal areas. There are a few cases 
where officially mapped boundaries do not include nearby roosts that are within 100 m of the 
boundary, but generally, interpretation of the boundary has not excluded such a roost from 
planning or management decisions. More distant roosts such as nocturnal or alternate roosts 
used during large spring tides may require expansion of boundaries if they are included. 
However, when looking at separate wetlands well outside the relatively contiguous habitat in 
which most roosts and adjacent feeding areas occur, the boundaries around important habitats 
like Ramsar sites have tended to combine separate wetlands based on them being relatively 
close together provided they are being used by similar species. There was little information 
on the way in which shorebirds used these clustered wetlands within or between years, or 
whether they were ecologically linked when boundaries were originally formed. In the 
decades after many of these areas were designated as important, our understanding of 
shorebird movement and the way in which local populations of shorebirds use their habitats 
has increased, yet the boundaries have largely not been revised.   
As pressure on wetlands grows in Australia (Kingsford et al., 2005) and at migratory 
staging areas in East Asia (MacKinnon et al., 2012), there is a real need to draw boundaries 
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that are as complete, and defendable as possible. However, growing understanding of how 
some local populations use wetland habitats in Australia has highlighted the many areas 
where information remains insufficient to rigorously define boundaries based on how habitats 
are linked ecologically. In addition, once established, boundaries are infrequently revised as 
better information becomes available. Incorrect boundaries around important shorebird 
habitats have three significant implications for shorebird conservation. First, the boundary of 
each important shorebird area forms an ideal unit of measure for broader population 
monitoring studies, which are required to estimate population sizes and trends (Colwell, 
2010). Inappropriate boundaries reduce the sensitivity of monitoring programs, which are 
required to inform shorebird conservation (Haslem et al., 2008; Herrod, 2010; Purnell et al., 
2010). The recognition of broad ecological units inclusive of clusters of wetlands, is 
increasingly being seen as a requirement for obtaining more comparable counts within and 
between seasons (EGA-RAC/SPA waterbird census team, 2012).  
Second, the boundary of each area forms the planning unit in which many 
conservation decisions are made (notwithstanding that these areas may span tenures and 
jurisdictions). A boundary that is unnecessarily large may reduce the effectiveness of 
conservation decisions, while a boundary that is too small will omit important portions of the 
habitat.  
Third, inappropriate boundaries can reduce an area’s probability of meeting 
international criteria for designation as ‘important’ (Clemens et al., 2010). 
 Here, we review the implications of defining important shorebird area 
boundaries that disregard the ecologically relevant, independent, non-breeding areas used by 
non-breeding shorebird populations. We also suggest simple guidelines, which build on those 
suggested by Ramsar criteria, regarding how non-contiguous habitats used by shorebirds 
should be aggregated to form better boundaries. Finally, we note that while long-term 
shorebird conservation will rely on many initiatives (Geering et al., 2007; Colwell, 2010), 
improving our understanding of the boundaries of important areas for shorebirds will enhance 
the adequacy of important areas as a shorebird conservation tool. We find that the quickest 
way to improve boundaries is to inform decisions by increasing the number and rigor of 
shorebird movement studies, something we argue should be focused at those areas thought to 
be under greatest threat. 
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2.3 Implications of boundaries that disregard the way shorebirds use an area 
2.3.1 Impacts to a monitoring program’s ability to detect population trends 
Identification of population trends among migratory shorebirds is difficult largely due 
to the variation in shorebird count data (Gosbell & Clemens, 2006; Wilson et al., 2011b; Ross 
et al., 2012). However, that variation can be reduced significantly when simultaneous counts 
are done in all the wetland habitats known to be used by the same group of non-breeding 
birds (EGA-RAC/SPA waterbird census team, 2012). In Australia, recent work has 
highlighted how boundaries set decades ago are either too small or too big to provide useful 
information on the changing populations of migratory shorebirds, i.e. when counts are 
aggregated based on those historic boundaries.   
 The Western Lakes District Ramsar Site in Victoria, Australia (38°11'' S, 
143°21'' E) provides one example in which the shorebird area designated in 1982 was too 
small to capture all the habitats that the same group of shorebirds has used in subsequent 
years (Figure 1). When the boundary was set, high counts of shorebirds were used to 
designate which wetlands to include within a cluster of important ephemeral and permanent 
wetlands. These lakes are scattered across an area of over 2,500km2 and vary in salinity, 
water level, and prey availability (Figure 1). A drought, which extended from 2001 to 2009, 
dramatically altered the condition of many of these wetlands, and toward the end of the 
drought over 90% of the shorebirds reported in the region were occupying lakes not included 
in the original Ramsar boundary. Despite these large changes at wetlands, summing all 
‘simultaneous’ (i.e. conducted on the same day or weekend) non-breeding counts from the 
wetlands in this region, some of which were 50km apart, resulted in a remarkably similar 
time series of shorebird abundance (BirdLife Australia; unpublished data). Comparable 
counts, let alone detection of population trends, would not be possible without aggregating 
counts from all the wetlands in the region that are in suitable condition on the weekend of the 
survey.  
A more rigorous analysis of count data in the Gulf of St Vincent, South Australia 
(34°28'' S, 138°28'' E) highlighted another example where some of the traditionally identified 
shorebird sites needed to be clustered to detect smaller changes in local shorebird populations 
in shorter time periods (Purnell et al., 2010). The Gulf of St Vincent includes active 
saltworks, claypans, and traditional tidal habitats spread along well over 100km of coastline, 
a couple of which are separated by over 15km. Historically, the saltworks and other discrete 
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habitats were considered separately with separate boundaries, but long-held reports by 
counters of widespread movement of shorebirds between these areas indicated the need to 
count all these areas simultaneously to achieve more comparable totals. Power analyses based 
on simultaneous counts and all available data indicated that if the entire Gulf of St Vincent 
was counted, declines in Bar-tailed Godwit Limosa lapponica populations of 53%, 39% or 
28% could be detected in twenty years with one, two or three counts per season respectively. 
If only the largest site previously identified in the Gulf of St Vincent – Price Saltworks – was 
counted, the size of declines that could be detected rose to 83%, 69% or 58% respectively 
(Purnell et al., 2010). Failure to consider the entire Gulf when organising monitoring, 
resulted in a significant reduction in monitoring sensitivity. Monitoring sensitivity is 
something increasingly required as threats to the habitats used by these birds in close 
proximity to the city of Adelaide are growing concurrent with widespread population declines 
in shorebirds.   
A boundary that encompasses too large an area can have similar impacts on the 
sensitivity of shorebird population monitoring. In 1982 the “Port Phillip Bay (Western 
Shoreline) & Bellarine Peninsular Ramsar Site”, Victoria, Australia (38°13'' S, 144°28'' E) 
was formed along a diverse coastline inclusive of saltworks, a sewage works, tidal wetlands, 
estuaries, and adjacent freshwater wetlands which are separated by only 3 to 10km (Figure 2). 
For years, counts across these areas were conducted at roughly the same time, and they were 
then aggregated. After decades of counting, most counters agreed that there was little 
movement of shorebirds between these five relatively proximate areas used by shorebirds. A 
study of banding data collected by the Victorian Wader Studies Group since the 1970’s 
confirmed this, with over 98.5% of the 12,841 recaptured shorebirds being recaptured from 
within the same independent shorebird area in which they were originally marked (Herrod, 
2010). These recaptures were from both within and between years, and again these data 
indicated that the populations from the five areas were indeed independent, and should be 
analysed separately. Similarly, detailed radio telemetry data as well as analyses of count data 
demonstrated that throughout the year, shorebirds tended to remain in these smaller shorebird 
areas, and a lack of negative correlation in count data from adjacent areas confirmed their 
independence between years (Rogers et al., 2010a). During recent analysis of the available 
count data from these five shorebird areas, significant trends for Eastern Curlew Numenius 
madagascariensis, Common Greenshank Tringa nebularia, and Sharp-tailed Sandpiper 
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Figure 2.1 The Western District Lakes Ramsar Site boundary (Victoria, Australia; 
38°11'' S, 143°21' E') formed in 1982 was not large enough to capture the areas used 
by the local shorebird population when conditions at inland wetlands changed in 
later years. In recent years, over 90% of the shorebirds that use this wetland complex 
were found at Lake Elingamite, Lake Martin and Lake Colac, all of which are 
outside the historic Ramsar boundary.  Other areas that were used by large numbers 
of shorebirds historically, like Lake Murdeduke (far right) have not been used by 
important numbers of shorebirds in recent years. Variation in counts across time is 
reduced significantly when all counts from the wetlands in this complex are 
aggregated. In wetland complexes that are dynamic with respect to water level, 
condition, or prey availability, boundaries need to be large enough to include all 
potential habitat between years, and there is a scale at which aggregating counts 
from these areas results in comparable between-year totals; in this case the wetlands 
within a 2500km2 area.  
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Calidus acuminata, were evident at several shorebird areas when analysed independently, but 
were masked by no significant trend if data from these separate shorebird areas were pooled 
across the Ramsar site as identified in 1982 (Herrod, 2010).  
The above cases highlight just a few examples from the over 230 shorebird areas 
identified in Australia on how a boundary that disregards how shorebirds use an area can 
significantly impact a monitoring program’s ability to detect population trends. It is also clear 
that there are no clear ‘rules of thumb’ when deciding how to clump separate wetlands, as 
shorebirds use different areas in very different ways during the non-breeding season. This 
need to understand the local movements of shorebirds in order to effectively monitor 
populations has long been held by shorebird biologists who have studied non-breeding 
populations for decades (Minton, C. and Rogers, D. pers. comms). The lack of any clear rules 
of thumb regarding when to clump separate wetlands, is best exemplified by the differences 
in the treatment of separate wetlands along the coastlines of the Bellarine Peninsula, and the 
Gulf of St Vincent. At the Bellarine Peninsula shorebirds use and return to relatively small 
wetlands despite being relatively close together, while at the Gulf of St Vincent the birds 
move somewhat regularly between separate wetlands spread across over 100km of coast. 
Habitats in both areas include saltworks, and more traditional tidal habitats, and both areas 
are used by similar groups of species. Further, there are no obvious differences in predation 
pressure or disturbance rates, but further work would be needed to fully assess such a 
possible explanation. It is clear that the best scale in which to organise monitoring, differs 
radically between these two regions. We expect that as more studies on the local variations in 
shorebird ecology are conducted, some of the causes of these different patterns will be 
understood, and it is clear that in Australia as local movements of shorebirds during the non-
breeding season continue to become better understood, improvements in data aggregation and 
monitoring will be possible.  
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Figure 2.2 The Port Phillip Bay (Western Shoreline) and Bellarine Peninsula 
Ramsar Site boundary, Victoria, Australia (38°13'' S, 144°28' E') designated in 1982, 
and the five smaller independent separate shorebird areas which have more recently 
been identified, as well as the various ‘count areas’ that are routinely counted during 
regular monitoring.  Expert counters identified shorebird habitat, and the areas 
usually counted, and then identified shorebird area boundaries that included all 
habitat known to be used by five independent populations of shorebirds during the 
non-breeding season. Treating these five areas independently in analyses allows 
smaller changes in populations to be detected. Note also how one shorebird area 
which regularly meets international criteria was not included in the original Ramsar 
boundary. Each of these five independent areas meets international criteria, and 
management in one area is expected to benefit only the shorebirds within that one 
area, not all the birds within the Ramsar site. 
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2.3.2 Impacts to habitats; inadvertent loss or impact, inappropriate management 
The use of an inappropriate geographic scale leads to conservation plans or decisions 
either irrelevant to much of the area under consideration, that omit important non-contiguous 
habitats, or that fail to recognise the way in which shorebirds use space to meet their needs. 
As some of these habitats are increasingly threatened and encroached upon by human 
activities, the need to adequately identify and plan to minimise impacts is growing. 
Stakeholders trying to protect shorebird habitats, as well as those interpreting legal 
protections, would benefit from increasing clarity around important habitat boundaries. 
Similarly, managers would increase chances of successfully managing local populations if the 
scale of the area they need to manage was well understood. 
 While a large boundary can accommodate planning for indirect impacts from 
things like catchment sources, in some cases large shorebird area boundaries create 
uncertainty regarding the particularly sensitive parts of the habitat within those boundaries. 
This is especially true in large tidal habitats where foraging and roosting habitats are not well 
understood or mapped. In many of Australia’s important shorebird areas, recent precise 
mapping of roosting, and occasionally foraging, habitat (Clemens et al., 2008; Rogers et al., 
2010a) has improved the precision of planned actions specific to shorebirds. Similarly, a 
large boundary could potentially lead to unnecessary planning or management in areas that 
are not used by the shorebirds. 
 A more common problem in Australia is the omission of ‘linked’ habitats, 
with a significant portion of the habitat required by a local population of shorebirds not 
included in either the official boundary, or in management plans, such as the Western District 
Lakes Ramsar Site (Figure 1). This kind of problem is most common at ‘complexes’ of inland 
wetlands where the population of birds using the wetlands shifts between lakes, depending on 
annually varying conditions. Failing to protect or adequately manage all of these alternative 
habitats could have obvious impacts on the shorebirds that use these areas. 
 The approach to shorebird planning and management in North America avoids 
many of these complications by taking a regional approach to planning and management 
which focuses on achieving landscape level carrying capacity through maintaining adequate 
roosting and foraging habitat at a regional level (Brown et al., 2001; Potter et al., 2007). 
Almost, by default this keeps those areas with regular large concentrations of shorebirds in 
the planning sphere, but it importantly allows for those parts of the landscape that are deemed 
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most limiting to shorebird populations to be the places where active management is 
prioritised (Potter et al., 2007). Such a rigorous approach focuses management rightly on 
where it is most needed, and identification of parts of the landscape thought to be most 
limiting for shorebirds has not been attempted yet in Australia. However, we argue that 
planning at a finer scale such as shorebird area-based approaches likely accelerates 
population responses to management when site fidelity is high, and probability of finding 
new habitats is relatively lower as is the case in many parts of Australia. 
Managers of shorebird habitat have a number of tools available to them, but it is 
critical that shorebird use of an area is properly understood to use those tools effectively. At 
coastal sites some of the management tools or methods include restoration of tidal flows 
through removal of coastal barriers, building artificial roosts, or attempting to restore coastal 
ecology and invertebrate prey populations (Burton et al., 1996; Atkinson et al., 2001). At 
inland wetlands dams, control of river flows or wetland water levels, purposeful allocation of 
water to wetland areas, creation of new wetlands etc. are just some of the many options 
available to shorebird habitat managers (Helmers, 1992; Harrington, 2003; Colwell, 2010). 
All of these management tools work largely by either increasing invertebrate prey densities 
while ensuring water is shallow enough to make food accessible, or providing open 
undisturbed places for the birds to roost. In the example of the Western Lakes District (Figure 
1), water allocation or other habitat improvements at one wetland would only be effective or 
useful if conditions at all the other wetlands in the complex were not sufficient to maintain 
the local population. In other words it would be easy to improve conditions at one lake (Lake 
Murdeduke) for shorebirds, but it would likely have little impact on the population if 
conditions were better at other lakes. On the other hand, habitat management at one lake may 
be critical to maintain shorebird numbers in the region if the condition of all other lakes is 
poor. In the Bellarine Peninsula region (Figure 2), however, there are many separate areas in 
close proximity which birds tend not to move between. In such a case, habitat improvements, 
or active management such as done for waterbirds at the Werribee/Avalon Shorebird Area 
will primarily benefit the population that uses that area, and in the short-term at least, not tend 
to benefit all the birds found in the region.   
 When wetlands are slated to be impacted by human activity, the creation or 
restoration of wetlands as offsets are becoming increasingly appealing for some governments 
(Maron et al., 2012), and while we feel compelled to point out that offsets rarely work 
equally for all shorebirds (Wright et al., 2010), they also require considerations that are scale 
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appropriate. Wright et al. (2010) highlight how it is important to consider the site fidelity of 
any species when determining the potential success of an offset or creation of new habitat, as 
shorebirds with high site fidelity may not move as readily or successfully to alternative 
habitats that are far from the habitat which was lost. In that context we would expect larger 
short-term impacts to shorebirds when offsets are placed outside the existing shorebird area, 
and again these areas vary widely in size so scale becomes an important consideration. In 
Australia, two hundred and thirty seven shorebird areas have been identified which varied 
greatly in size (1.5 - 600,000 ha; 10,419 ±49,200 ha; (Clemens et al., 2006).    
 We argue that understanding the areas used by local populations of non-
breeding shorebirds can help ensure that important habitats are not inadvertently lost, 
impacted, or inappropriately managed and that efforts are not expended in cases where they 
will have little benefit. In cases of boundaries that are either too small or too large, improving 
the shorebird area boundary and mapping the important habitats within those boundaries 
more precisely (Rogers et al., 2010a) improves the scale and precision of any management 
actions or plans. As Piersma (2007) points out, people throughout the globe are conducting 
unintended massive-scale experiments on the impacts of habitat loss and degradation on 
shorebird populations. Understanding the scale of habitat use by shorebirds will help ensure 
we can better interpret the results of these unintended experiments, and formulate strategies 
to further limit losses. 
2.3.3 Impacts to designation, overlooking cumulative importance of wetland complexes 
Presently, the importance of areas for shorebirds in the non-breeding season is based 
solely on the abundance of shorebirds reported using that area. However, when the areas 
identified during counting are smaller than the important shorebird area, a mismatch in the 
scale of the area counted and that being assessed for importance results. This is not 
uncommon when separate count areas are not aggregated appropriately. Increased precision 
of shorebird area mapping has recently resulted in a more appropriate representation of the 
average annual maximum count that was used to designate importance, providing a better 
reflection of the populations of shorebirds using each area (Clemens et al., 2008). Studies of 
shorebirds using wetland complexes in central North America have resulted in similar 
understandings of how wetlands might be clustered to accurately reflect the number of 
shorebirds regularly using habitats (Farmer & Parent, 1997; Farmer & Wiens, 1999; Albanese 
et al., 2012; Albanese & Davis, 2013). These small unpredictably available wetlands in 
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central North America have long been recognised as areas that shorebirds regularly move 
between (Skagen et al., 2008), yet historically they were not treated collectively when 
designating the importance of wetlands (Haig et al., 1998). In these wetland complexes, 
many individual wetlands would not meet international criteria on their own, so aggregation 
is critical to represent the true importance of the wetlands for local populations. However, in 
such unpredictable landscapes the potential low regularity in which thresholds are met, 
allows possible serendipitous designations of importance if quantification of the value of 
these habitats is not ensured. In cases where the fitness benefits of a wetland complex have 
been quantified (Farmer & Wiens, 1999; Potter et al., 2007), and the extent of the complex 
that shorebirds are responding to has been identified (Albanese et al., 2012) aggregating 
counts from the complex when conditions are suitable to determine if it meets designation 
thresholds seems logical, particularly if such conditions occur at least once a decade 
(Overdijk & Navedo, 2012). 
In Australia there are individual ephemeral wetlands which have been designated as 
internationally important despite only meeting thresholds when conditions are suitable, 
something which may happen only once a decade. However, we are not yet aware of any 
shorebird area in Australia where at least one of the wetlands in a wetland complex does not 
meet international thresholds of importance. These complexes include wetlands that birds 
regularly move between where at least one wetland meets thresholds in any year, and may or 
may not include satellite wetlands that do not meet international thresholds individually. We, 
however, see no reason while regular use of complexes that cumulatively meet thresholds of 
abundance could not be designated as important (Figure 3). 
 
Dichotomous Key 
1a. Counters have recorded shorebird abundance during at least 
5 counts conducted over at least three years …………………………….. (go to 2) 
1b. Counters have not recorded shorebird abundance during at least 
5 counts conducted over at least three years ……………………….. Not Important5 
 
2a. Area covered during count includes the entire contiguous wetland1,  
or no additional counts in other parts of the wetland were same  
conducted at roughly the time ………………………………………………(go to 3) 
2b. Area covered during count includes part of the contiguous wetland,   
and other parts of the wetland were conducted at the same time …………. (go to 4) 
 
3a. Congregatory2 waterbird abundance regularly3 exceeds 2,000, or is  
greater than 0.1% of the species biogeographic population4 ……………… (go to 5) 
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3b. Congregatory waterbird abundance is regularly less than 2,000 or  
does not include more than 0.1% of any species biogeographic   
population …………………………………………………………. Not Important 
 
4a. Sum of available roughly synchronous counts throughout area of  
contiguous habitat inclusive of any roosts used by birds that 
use the feeding habitat within the contiguous habitat exceeds  
2,000 total waterbirds, or is greater than 0.1% of the 
species biogeographic population ……………………………………………. (go to 5) 
4b. Sum of available roughly synchronous counts throughout area of  
contiguous habitat and associated roosts is less than 2,000  
total waterbirds, or is less than 0.1% of the species  
biogeographic population …………………………………………… Not Important 
 
5a. Counts of individuals of a species are used to assess thresholds,  
and at least one of those species is known to exhibit high  
site fidelity, with at least 80% of the surviving individuals returning  
to the non-breeding area each year, and thought to remain in one area  
throughout the peak of the non-breeding season ………………..……… (go to 6) 
5b. Counts of individuals of a species are not used to assess thresholds,  
or no species exhibit high site fidelity, with no evidence that 
at least 80% of the surviving individuals return to the non-breeding 
area each year or remain in one area throughout 
the peak of the non-breeding season ………………………………….…….. (go to 7) 
 
6a. During periods of the non-breeding season when shorebirds are not  
actively migrating, no significant movement6 of shorebirds has  
been observed to adjacent wetlands (count area believed to  
represent a closed population of non-breeding shorebirds) , or  
no roughly synchronous counts are available from adjacent wetlands ……… (go to 7) 
6b. During periods of the non-breeding season when shorebirds are not  
actively migrating, significant movement of shorebirds has  
observed to adjacent wetlands ………………………….……………… (go to 8) 
 
7a. Sum of available roughly synchronous counts throughout area of  
contiguous habitat is less than 20,000 total waterbirds, or is  
less than 1% of the species biogeographic population……… Nationally Important 
7b. Sum of available roughly synchronous counts throughout area of  
contiguous habitat is greater than 20,000 total waterbirds, or is  
greater than 1% of the species biogeographic population. .Internationally Important 
 
8a. Sum of available roughly synchronous counts throughout area of  
all habitats between which there is regular shorebird  
movement is less than 20,000 total waterbirds, or is less  
than 1% of the species biogeographic population …………... Nationally Important 
8b. Sum of available roughly synchronous counts throughout area of  
all habitats between which there is regular shorebird  
movement is greater than 20,000 total waterbirds, or is greater  
than 1% of the species biogeographic population ……… Internationally Important 
 
53 
Contiguous wetland1=includes all habitats associated with one body of water, where water is the 
controlling factor in the condition of that habitat, and for our purposes because shared feeding habitats and 
roosting habitats are so obviously linked we consider all roosts associated with feeding habitat within the 
contiguous habitat to be part of the contiguous wetland.  
 
Congregatory2 = Shorebirds that do not congregate in large numbers in the non-breeding season will 
require different mechanisms to identify important habitat (Clemens et al., 2010). 
 
Regularly3= The majority of counts conducted when conditions were appropriate exceed the threshold 
with a minimum of five counts conducted over at least three years (as per Ramsar), maximum counts during the 
non-breeding season can be used once minimum amount of data is exceeded, especially important in areas with 
relatively low detection probabilities. 
 
Waterbird abundance regularly exceeds 2,000, or is greater than 0.1% of the species biogeographic 
population4 = These thresholds capture a significant additional proportion of the flyway population while not 
adding unreasonable numbers of significant wetlands (Clemens et al., 2010). Similar work in other parts of the 
globe may reveal more appropriate national or regional thresholds, especially in places where there are 
complexes of many smaller wetlands that generally don’t meet thresholds individually. 
 
Not Important5 = For the large congregations of shorebirds that these abundance thresholds are 
intended to protect. Other metrics of habitat importance could identify the wetland as important. 
 
Significant movement6 = includes regular movement by over 20% of the birds to adjacent wetlands, 
evidence of movement will be strongest in telemetry studies, but multiple years of resighting studies of 
individually marked birds, analyses of decades of comprehensive regional data, or questioning experts who have 
been actively monitoring in a region for decades can all provide the required information. 
 
Figure 2.3 Proposed guidelines in a dichotomous key for establishing boundaries 
around important habitats for migratory shorebirds, with a focus on when to ‘cluster’ 
non-contiguous habitats, that build on guidelines currently promoted internationally 
(Ramsar Convention Secretariat, 2010).  We encourage those who identify larger 
boundaries than these guidelines indicate, but suggest that these guidelines should 
provide the minimum number of non-contiguous habitats that should be clustered to 
form one important ‘site’ inclusive of all ecologically linked habitats. Information 
sufficient to address these guidelines is essential for every important shorebird site, 
and will often require studies on local shorebird movements.   
 
An area’s importance, and therefore its likely protection, is related to the abundance 
of shorebirds found there. We suggest that a wetland which supports fewer migratory 
shorebirds, but is just one of the wetlands birds regularly move between, needs to be assessed 
for ‘importance’ based on the cumulative abundance from all the wetlands the shorebirds are 
regularly using. Despite meeting criteria for importance, it would appear that these 
connected, non-contiguous habitats can be disregarded by planners, managers and those 
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charged with assessing potential impacts of human activities. This is especially true in areas 
where there has been limited monitoring and movement studies. 
2.4 Towards better boundaries 
In light of the inconsistent ways in which boundaries of important shorebird areas are 
often established, we propose guidelines in addition to those already promoted internationally 
(Ramsar Convention Secretariat, 2010) to further promote more consistent designations of 
important shorebird area boundaries (Figure 2.3). These guidelines highlight how further 
information on local shorebird movements will be required before all guidelines can be met, 
but we suggest that long established boundaries can be updated as this information becomes 
available. One example of a recently designated boundary which could clearly be improved 
includes Yubu-do Tidal Flat in the Republic of Korea. While the recognition of the most 
important remaining site for shorebirds in the Republic of Korea marks a huge positive step 
for waterbird conservation in the flyway, we wonder about the implications of the current 
boundary of the site which at present, leaves out much of the available mudflats used for 
foraging as well as important alternative roosts in the area. We are therefore hopeful that 
further guidelines will improve the way in which future boundaries are designated, and 
existing boundaries are revised. 
 Differences in the methods used to identify important shorebird area 
boundaries are unsurprising given our varied understanding of how shorebirds use individual 
non-breeding habitats throughout their widespread geographic ranges (Matthews, 1993; 
Kuijken, 2006; Colwell, 2010). Historically, a lack of information led to practical limitations 
when defining boundaries of important shorebird areas. For example, the available 
information on the abundance and distribution of shorebirds has often been in the form of a 
shorebird count geo-referenced to a single point, or sometimes in more detailed maps of the 
area counted (BirdLife Australia Unpubl. Data). In Australia, these counts were intersected 
with wetland maps (areas where water is the primary factor controlling the environment, 
including the associated biodiversity; (Ramsar Secretariat, 2009); and the entire contiguous 
wetland habitat was designated as ‘important’ for shorebirds if criteria were met (Table 2.1). 
If formal recognition of the site was sought, e.g. designation as a Ramsar wetland of 
international importance, the boundary must have also met geopolitical considerations and 
grown to encompass all co-occurring values which also met wetland importance criteria.  
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More rigorous methods for defining boundaries around the ‘functional unit’ of non-
breeding habitat have long been used for waterbirds (Tamisier, 1985), where the functional 
unit includes the area used by a ‘local population’ to “meet both roosting and foraging needs 
in winter” (Colwell, 2010). In Australia, a ‘functional unit’ or ‘shorebird area’ includes all 
contiguous and non-contiguous areas of habitat between which there is a frequent interchange 
of birds, i.e. the estimated home range of shorebirds during the peak of the non-breeding 
season (November – February). This is based on Ramsar recommendations which encourage 
adjacent, non-contiguous habitats to be recognised as a cluster of wetlands under a variety of 
circumstances, including if they are “linked in their use by a common population of animal” 
(Ramsar Convention Secretariat, 2010). Such allowances while common or expanded on in 
parts of Europe or Africa (Wright et al., 2010; EGA-RAC/SPA waterbird census team, 2012), 
have not been applied universally, largely due to a lack of information on local populations 
when boundaries were set. Further, and unfortunately it is rare that boundaries are revised 
once established, despite better information becoming available. 
Recent work in Australia has highlighted how decisions on when to aggregate 
adjacent areas are not always initially obvious with clumping of some habitats over 50 km 
apart, while separating other habitats that were less than 10 km apart (Clemens et al., 2006). 
Interestingly, recent studies in Australia have also confirmed shorebird area boundaries 
initially identified by questioning local expert counters who had been monitoring shorebirds 
in an area for over two decades were correct through either: analyses of 25 years of count 
data revealing strong negative correlation between counts at separate locations which were 
later aggregated into one shorebird area (Haslem et al., 2008); the absence of negative 
correlation in long-term count data, justifying keeping proximate adjacent areas separate 
(Rogers et al., 2010a); the consistency of annual count totals when counts in the Western 
Lakes region from lakes that have large variation in their counts individually and are over 50 
km apart were aggregated (Birds Australia Unpubl. Data); detailed mapping of shorebird 
roosting and foraging habitat (Clemens et al., 2008); identification of the spatial distribution 
of recaptured birds (Herrod, 2010); or determination of home range by radio telemetry 
(Rogers et al., 2010a).  
For two reasons, understanding when boundaries should clump non-contiguous 
wetlands is best done at the species level. First, different species use different areas in 
different ways, with some wandering more than others in search of food or roosting locations 
(Colwell, 2010). In some localities, some species keep to very small areas during the non-
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breeding season, such as the separate local populations or ‘functional units’ of Dunlin 
Calidris alpina that were identified within large salt field habitats in Portugal (Luis & Goss-
Custard, 2005). In such cases, the understanding of how to aggregate data for each species is 
important when analysing monitoring data, but the overall shorebird area boundary should 
grow to include the local non-breeding home range of the widest ranging species that 
regularly meets criteria. In order to avoid growing the boundary infinitely we suggest some 
simple rules on where to draw the outer line of the boundary (Figure 3). We suggest no 
individual wetland habitat should be included in the overall shorebird area boundary unless it 
regularly holds at least 2,000 shorebirds, or 0.1% of the flyway population of a species which 
when aggregated meets criteria. Additionally, to meet international criteria at least 20% of the 
population in that smaller wetland must be known to move regularly to habitats in adjacent 
wetlands that cumulatively meet international thresholds. Here, 20% is an arbitrary figure 
which avoids clumping based on evidence of movement of only a few birds, while ensuring 
that count variation over 20% due to movement is limited by clumping areas. For our 
purposes, we consider foraging and roosting habitat to be so clearly linked, that such habitats 
are considered in the same way as contiguous habitat, so under no circumstances would 
roosts from a shared wetland boundary be excluded just because they were slightly outside 
the contiguous wetland boundary. We also point out that analyses in Australia have indicated 
that 2,000 shorebirds or 0.1% of the flyway population are reasonable thresholds to capture 
significantly larger percentages of flyway populations without resulting in unreasonable 
numbers of new significant wetlands (Clemens et al., 2010). Similar work in other parts of 
the globe may reveal more appropriate national or regional thresholds, especially in places 
where there are complexes of many smaller wetlands none of which meet thresholds 
individually. 
Second, species vary in the frequency with which they return to, or remain in non-
breeding habitats. Boundary setting as we are recommending here will work especially well 
for those species that show high site fidelity within and between non-breeding seasons. Such 
fidelity has been documented for many migratory shorebirds and is more common at coastal 
habitats with consistent food availability (Burton & Evans, 1997; Rehfisch et al., 2003; 
Herrod, 2010). Those species which do not show high non-breeding site fidelity and move 
across their non-breeding distributions widely (Alcorn et al., 1994; Kingsford, 1999), will 
have to continue to rely on boundaries based on overlaying high counts and contiguous 
wetland boundaries, until the fitness benefits of such habitats can be quantified as is 
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increasingly being done in North America (Farmer & Wiens, 1999; Potter et al., 2007). Once 
fitness benefits are established, we advocate treating ephemeral complexes when conditions 
are suitable in the same way as more regularly used complexes. Similarly, additional 
provisions which protect ‘emergency sites’ (i.e. those used by a substantial portion of a 
species population during adverse conditions) would also enable flexibility, in turn assisting 
in conserving migratory shorebirds (Overdijk & Navedo, 2012). However, if fitness benefits 
of the habitat have not been otherwise established, we recommend that if over 80% of the 
shorebirds using a non-breeding habitat are not thought to remain in an area throughout the 
non-breeding season or return to an area between seasons, separate habitats should not be 
clumped based on the abundance of those species.  
The guidelines we have provided here rely primarily on developing a better 
understanding of how migratory shorebirds use habitats in the non-breeding season, and their 
extent of movement between habitats both within and between seasons. As monitoring of 
shorebirds in an area continues, we have observed how the understanding of local movement 
improves boundaries when they are revised. However, we recognise that often observation 
alone is insufficient to learn about such movements, especially in staging habitats. In such 
cases banding or telemetry studies can accelerate an understanding of where to set optimal 
boundaries. Setting boundaries that are always inclusive of the best understanding of the 
ecologically relevant home range of a local non-breeding population of migratory shorebirds, 
can lead to areas being identified as important, that are very different to those identified 
initially, and inherently require updating as more information on home-ranges becomes 
available (Clemens et al., 2006; Haslem et al., 2008). 
2.5 Conclusions 
Ideally, the designation of important non-breeding areas would be based on several 
factors: 1) an understanding of the connectivity of shorebird habitats during migration, 2) an 
understanding of the availability of suitable food resources, 3) knowledge of area-specific 
limiting factors and carrying capacity, 4) inherent differences in networks of ephemeral 
versus coastal habitats, and 5) an understanding of shorebird habitat use and movement 
throughout non-breeding distributions (Colwell, 2010). Presently, that kind of comprehensive 
information is lacking, yet planning decisions continue to be made that prioritise areas based 
on abundance (which have potential to impact shorebird populations) and that are based on 
monitoring which could be more sensitive if done at the appropriate scale. We argue that the 
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use of more specific guidelines to identify important non-breeding shorebird habitat provides 
consistency, transparency, and comparability in the identification of important shorebird 
areas. Continued efforts to maximise the match between boundaries and the non-breeding 
home range of shorebirds found within those boundaries, will mark a step forward in 
improving shorebird conservation decision making, required in light of the enormous 
challenges these birds will continue to face in the long-term. The quickest way to improve 
shorebird area boundaries is to increase the number and rigour of shorebird movement studies 
(Haig et al., 1998), focusing in those areas thought to be under greatest threat, and where 
clumping wetlands might lead to areas meeting conservation designation thresholds that 
would not otherwise be met. 
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3 Continental-scale decreases in shorebird populations in Australia 
 
3.1 Abstract 
Decreases in shorebird populations are increasingly evident worldwide, especially in 
the East Asian–Australasian Flyway (EAAF). To arrest these declines, it is important to 
understand the scale of both the problem and the solutions. We analysed an expansive 
Australian citizen-science dataset, spanning the period 1973 to 2014, to explore factors 
related to differences in trends among shorebird populations in wetlands throughout 
Australia. Of seven resident Australian shorebird species, the four inland species exhibited 
continental decreases, whereas the three coastal species did not. Decreases in inland resident 
shorebirds were related to changes in availability of water at non-tidal wetlands, suggesting 
that degradation of wetlands in Australia’s interior is playing a role in these declines. For 
migratory shorebirds, the analyses revealed continental decreases in abundance in 12 of 19 
species, and decreases in 17 of 19 in the southern half of Australia over the past 15 years. 
Many trends were strongly associated with continental gradients in latitude or longitude, 
suggesting some large-scale patterns in the decreases, with steeper declines often evident in 
southern Australia. After accounting for this effect, local variables did not explain variation 
in migratory shorebird trends between sites. Our results are consistent with other studies 
indicating that decreases in migratory shorebird populations in the EAAF are most likely 
being driven primarily by factors outside Australia. This reinforces the need for urgent 
international conservation actions. However, substantially heterogeneous trends within 
Australia, combined with declines of inland resident shorebirds indicate effective 
management of Australian shorebird habitat remains important. 
Clemens, R.S., Rogers, D.I., Hansen, B.D., Gosbell, K., Minton, C.D.T., Straw, P., Bamford, 
M., Woehler, E.J., Milton, D.A., Weston, M.A., Venables, B., Weller, D., Hassell, C., 
Rutherford, B., Onton, K., Herrod, A., Studds, C.E., Choi, C.-Y., Dhanjal-Adams, 
K.L., Murray, N.J., Skilleter, G. & Fuller, R.A. (2016) Continental-scale decreases in 
shorebird populations in Australia Emu, 116, 199-135. 
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3.2 Introduction 
Targeting conservation action requires an understanding of when and where 
populations are limited (Newton, 1998; Faaborg et al., 2010b), as well as an understanding of 
which species are decreasing most rapidly and therefore in greatest need of conservation 
action (Atkinson et al., 2006; Mace et al., 2008). However, identifying factors limiting 
populations can be difficult for highly mobile species that seek out irregular pulses in 
resource availability (Bull et al., 2013) or for migratory species that traverse many habitats 
(Carlisle et al., 2009; Faaborg et al., 2010b). Despite these difficulties, it is crucial that 
conservation actions are spatially targeted, particularly in the case of migratory species, 
which are decreasing more rapidly than non-migratory species (Sanderson et al., 2006; 
Wilcove & Wikelski, 2008). Migratory shorebird populations using the East Asian–
Australasian Flyway (EAAF) are a group of birds that are decreasing, based on a growing 
number of reports from non-breeding sites where they spend the austral summer (Barter, 
1992; Reid & Park, 2003; Close, 2008; Nebel et al., 2008; Creed & Bailey, 2009; Rogers et 
al., 2009; Amano et al., 2010; Wilson et al., 2011b) (Minton et al., 2012; Hansen et al., 
2015). 
Despite this growing evidence of local declines in migratory shorebirds, analyses have 
yielded heterogeneous rates of change for some species (Table S3.1 in Supplementary 
material, available online only) and continental-scale trends have not been reported for most 
of Australia’s shorebirds. For example, populations of Red-necked Stints (Calidris ruficollis) 
are increasing in Moreton Bay, Queensland (Wilson et al., 2011b), stable in many places in 
south-eastern Victoria (Herrod, 2010; Minton et al., 2012; Rogers et al., 2013), decreasing 
significantly at the Swan Estuary, Western Australia (Creed & Bailey, 2009), and showing 
some evidence of decrease in South Australia, Tasmania, New South Wales (NSW), north-
western Australia, Korea and Japan (Table S3.1). In addition, Australian non-migratory 
(resident) shorebirds have been counted in many of these areas but trends in their populations 
have typically not been assessed (Table S3.1). Shorebird monitoring programs in Australia 
often target migratory species, yet they also represent the best available data on three coastal 
resident species, and four that breed primarily at inland wetlands but often seek refuge on the 
coast in time of drought. The largest study to date on resident shorebird trends identified 
declines in species such as Red-necked Avocets (Recurvirostra novaehollandiae) and Black-
winged Stilts (Himantopus himantopus) across one-third of the interior of the continent 
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(Nebel et al., 2008), but the possibility that birds may simply have moved to coastal habitats 
has not been assessed. 
Research to date has highlighted two factors likely to be related to declines of 
Australian shorebirds. First, for shorebird species that stay in Australia year round (hereafter 
resident species), the loss or degradation of inland wetlands in Australia (Finlayson et al., 
2013; Nielsen et al., 2013) has coincided with large population decreases in both resident and 
migratory shorebirds that use inland wetlands (Nebel et al., 2008). The collapse of estuarine 
wetland ecosystems, such as those of The Coorong in South Australia, as a result of 
regulation of flows in the Murray–Darling Basin, has also resulted in thousands fewer 
shorebirds being counted in recent surveys (Wainwright & Christie, 2008; Paton & Bailey, 
2012). Second, for migratory shorebirds that visit Australia, large-scale loss and degradation 
of important refuelling habitat in East Asia’s Yellow Sea has been documented (Moores et 
al., 2008; MacKinnon et al., 2012; Ma et al., 2014; Murray et al., 2014) and is widely 
thought to be driving decreases in Australia’s migratory shorebird populations (Piersma et al., 
2015). This conclusion is supported by modelling that demonstrates how loss of Yellow Sea 
habitats could have a disproportionately large impact on shorebird populations because many 
birds pass through these migration bottlenecks (Iwamura et al., 2013). A recent study has also 
indicated that changes in Arctic conditions were not related to breeding success, suggesting 
that population decreases were more likely related to loss of stopover or non-breeding habitat 
(Aharon-Rotman et al., 2015). Taken together, these studies suggest the loss of intertidal 
habitat in the Yellow Sea could be a primary cause of decreases in populations of migratory 
shorebird throughout the EAAF. 
Even though the evidence points towards the loss of habitat in Asia as a likely cause 
of decreases in populations of migratory shorebirds, degradation of wetland habitat in 
Australia is also a plausible explanation for declines. Indeed, recent studies have highlighted 
the potential effect of loss of non-breeding habitat on migratory bird populations (Norris et 
al., 2004; Norris, 2005; Alves et al., 2013). Some of the local effects that could be 
contributing to declines in shorebird population in Australia include diminishing food supply 
(Baker et al., 2004), a loss of adequate roosting sites (Rogers et al., 2006b), additional local 
habitat loss (Burton et al., 2006), predation by raptors (Cresswell & Whitfield, 1994; Van 
Den Hout et al., 2008) and disturbance (Colwell, 2010). Australia’s shorebird sites vary 
widely in their exposure to human activity, the degree to which they are protected and the 
condition of available habitat. This variation and an expansive continental monitoring dataset 
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on shorebird abundance provides an opportunity to explore the geographical patterns of 
population change as well as whether shorebirds are decreasing at greater rates in those non-
breeding habitats facing greater threats. 
Australia has invested considerable resources in working to ensure that shorebirds are 
protected, listing all migratory shorebirds under the Commonwealth Environment Protection 
and Biodiversity Conservation Act 1999 (EPBC Act) as matters of national environmental 
significance, which must be considered when any human actions could potentially affect 
these species (DEWHA, 2009). Australia has also designated 65 wetlands as Ramsar sites –
wetlands of international importance – and promotes management by stakeholders to protect 
these areas to ensure they maintain their ecological character (Davis & Brock, 2008). 
Although Ramsar designation has been found to be positively related to waterbird abundance 
in some areas (Kleijn et al., 2014), there has not yet been an assessment of whether shorebird 
populations are faring better in Australian Ramsar sites than in other areas. 
If local threats are affecting shorebird populations in Australia, we might expect to 
find variables at the scale of individual wetlands to correlate with variation in local 
population trends for both resident and migrant shorebirds. If, on the other hand, remote 
causes were the dominant reason for changes in migratory shorebird populations, we might 
expect population changes to be widespread across Australia because birds from throughout 
the continent pass through the affected Yellow Sea habitats (Minton et al., 2006; Minton et 
al., 2011a). We also would expect local-scale variables to explain little or no variation in 
trends among sites, and for trends in co-occurring resident shorebird species to be unrelated. 
Further, owing to the substantial variation in the importance of particular East Asian staging 
sites to different species (Rogers et al., 2010b; Moores, 2012), we might expect rates of 
decline to vary between species, but also to show broad geographical patterns reflecting 
different migration strategies, with some species from eastern or western Australia, for 
example, more reliant on eastern or western parts of East Asia (Minton et al., 2006; Wilson et 
al., 2007; Minton et al., 2011a). We would also expect decreases to be greater in southern 
Australia if remote causes were dominant because if fewer migratory shorebirds are flying to 
Australia each year, young shorebirds reaching Australia for the first time may select less 
densely populated non-breeding habitats in the north to shorten migration distances. This 
greater rate of decline at the edge of the range of species was one explanation offered when 
large, continuing declines were reported in Eastern Curlew (Numenius madagascariensis) in 
Tasmania (Reid & Park, 2003). 
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Here we use an expansive citizen-science dataset spanning the period 1973 to 2014 to 
provide a synthesis of population trends for 26 species of shorebird (Table 3.1) in 153 
shorebird areas across the Australian continent. We analyse geographical variation in trends, 
associating them with threats and protective measures operating at shorebird sites to identify 
elements related to population declines. 
 
 
 
Table 3.1 Estimated population changes in Australian shorebird species from all 
available data 1973–2014, with estimates of how well each species was sampled 
within Australia, whether decreases or increases are greater in the north, south, east 
or west of the continent, and whether data quality was significantly related to trend.  
Slope = estimates of log-transformed counts over time (per year) and which 
approximate percentage change in population per year; CI = confidence interval; SE 
~= [(Upper CI) – (Lower CI)]/(2 X 1.96); 95% CI = 0.025 and 0.975 quantiles of 
200 model runs (bold = 95% CI that do not span 0); Flyway = estimated proportion 
(%) of EAAF population in Australia (from Bamford et al. 2008); Sampling = how 
well the distribution of a species in Australia is sampled, both geographically and 
temporally (i.e. geographically representative sampling of a species Australian range 
inclusive of relatively long time series > 10 years across that range); Latitude = 
increase (I) or decrease (D) in population as sampling moves north (N) or south (S) 
(data for these comparisons from 1996–2014 only); Longitude = increase (I) or 
decrease (D) in population as sampling moves east (E) or west (W) (data for these 
comparisons from 1996–2014 only); Quality = quality of data scored by experts on 
length of time-series and spatial and temporal consistency of coverage (1 = excellent 
to 6 = poor). Significance: *, ANOVA of two lmer Quality related terms with just 
the Quality term significant (P < 0.05); **, ANOVA of two lmer Quality related 
terms with just the Quality interaction term significant (P < 0.05); ***, ANOVA of 
lmer with both Quality and its interaction term significant (P < 0.05); n.s. = not 
significant. Species are arranged as either resident or migratory species in order of 
increasing slope. 
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Species Slope se  95% CI  Flyway
 
(%) Sampling 
 Latitude  Longitude  Quality 
Migratory Species 
Curlew Sandpiper    
 Calidris ferruginea -9.53 0.67 -11.01 to -8.37 65 High  (D –S)**  (D – W)*** *** 
Lesser Sand Plover    
 Charadrius mongolus -7.16 0.80 -8.91 to -5.8 17 Low (D –N)*  (D –E)** * 
Sharp-tailed Sandpiper 
  Calidris acuminata -5.73 1.47 -7.93 to -2.16 90 Modest     (D –S)***  (D –W)* * 
Terek Sandpiper 
  Xenus cinereus -5.40 1.07 -7.42 to -3.22 40 Modest (D –N)*  (D –E)* n.s. 
Black-tailed Godwit 
  Limosa limosa -5.38 2.63 -11.65 to -1.36 45 Low (D –S)*       n.s. n.s. 
Red-necked Stint 
  Calidris ruficollis -3.35 0.52 -4.31 to -2.26 85 High n.s.  (D –E)* * 
Bar-tailed Godwit 
  Limosa lapponica -3.22 0.46 -4.09 to -2.26 55 High (D –N)*       n.s. n.s. 
Ruddy Turnstone 
  Arenaria interpres -3.17 0.47 -4.15 to -2.3 55 Modest  (D –S)**  (D –E)* n.s. 
Eastern Curlew 
  Numenius madagascariensis -2.97 0.36 -3.69 to -2.26 75 High (D –S)**   (D –E)** n.s. 
Pacific Golden Plover 
  Pluvialis fulva -2.02 0.29 -2.45 to -1.31 1 to 7 Modest n.s.       n.s. *** 
Grey Plover 
  Pluvialis squatarola -2.02 0.35 -2.71 to -1.35 10 Modest (D –S)**  (D –W)* n.s. 
Common Greenshank 
  Tringa nebularia   -1.98 0.32 -2.6 to -1.35 30 Modest (D –S)**  (D –E)* * 
Red Knot 
  Calidris canutus -1.65 1.61 -4.38 to 1.91 60 Modest (D –S)**  (D –W)* n.s. 
Marsh Sandpiper 
   Tringa stagnatilis -0.90 0.99 -2.7 to 1.2 1 to 13 Low n.s.       n.s. n.s. 
Sanderling 
  Calidris alba 0.08 0.94 -1.91 to 1.79 45 Low n.s.  (I –W)* n.s. 
Greater Sand Plover 
  Charadrius leschenaultii 0.54 0.88 -1.22 to 2.21 70 Modest     (D –S)***  (D –W)* n.s. 
Whimbrel 
  Numenius phaeopus 0.65 0.82 -1.27 to 1.95 30 Low (I –N)*       n.s. n.s. 
Great Knot 
  Calidris tenuirostris 1.43 0.92 -0.45 to 3.17 95 Modest (I –N)*  (I –E)* * 
Grey-tailed Tattler 
  Tringa brevipes   1.93 1.09 -0.34 to 3.93 90 Modest (I –N)*  (I –E)* n.s. 
Resident Species 
Red-necked Avocet 
  Recurvirostra 
novaehollandiae 
-2.87 0.83 -4.17 to -0.94 - Low n.s.       n.s. n.s. 
Black-winged Stilt 
   Himantopus himantopus -1.81 0.61 -2.93 to -0.54 - Low n.s.       n.s. n.s. 
Black-fronted Dotterel 
   Elseyornis melanops -2.48 0.34 -4.06 to -0.96 - Low n.s.       n.s. n.s. 
Red-kneed Dotterel 
 Erythrogonys cinctus -2.1 0.29 -3.45 to -0.89 - Low n.s.       n.s. n.s. 
Red-capped Plover 
  Charadrius ruficapillus -0.67 0.66 -1.89 to 0.7 - Low n.s. (D –E)* n.s. 
Sooty Oystercatcher 
  Haematopus fuliginosus 0.89 0.43 0.16 to 1.86 - Low n.s.       n.s. n.s. 
Australian Pied Oystercatcher 
  Haematopus longirostris 1.43 0.37 0.63 to 2.09 - Low   (I –S)**       n.s. n.s. 
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3.3 Methods 
3.3.1 Count data 
Shorebird abundance data have been collected as part of a continental-wide citizen-
science monitoring effort now administered by BirdLife Australia’s Shorebirds 2020 Program 
(Wilson, 2001; Oldland et al., 2008). This program produced nearly twice as much data 
during periods when it was well funded in the early 1980s (Lane, 1987; Barter, 1993; Wilson, 
2001) and again in the 2000s as it did in the 1990s (Gosbell & Clemens, 2006; Oldland et al., 
2008). The available data are both spatially and temporally heterogeneous (Clemens et al., 
2012b) and historical reporting varied in accuracy and extent. The observers who carried out 
these surveys have made efforts to avoid double-counting, to count all shorebirds in their 
survey areas consistently (in some cases for over a 35-year period), and to explain their sites 
and methods to their successors. 
The spatial extents of each survey have recently been vetted and digitised into 
mapped polygons which are now standardised (Clemens et al., 2014). Mapped count data 
were organised into hierarchical spatial units. ‘Count areas’ represent the finest spatial 
resolutions at which a count was recorded, that were then grouped into ‘shorebird areas’. 
These shorebird areas represent the entire area known to be used by a local population of 
migratory shorebirds during the peak of the non-breeding season (Clemens et al., 2014). The 
movements, behaviour or home-range of resident species were not considered when setting 
boundaries for these areas. In a few time-series, where shorebird area totals were reported 
instead of count area totals in some years, shorebird area totals were used for the entire time-
series. Count area data were consistently reported in most time-series, but shorebird area data 
varied temporally in coverage with the percentage of available count areas within each 
shorebird area varying overall from 2% to 100% coverage in any summer (mean 60%, 25% 
quantile 33%, 75% quantile 100%). Data with undefinable spatial coverage were excluded 
from these analyses. Further, only shorebird areas with at least 5 years of data (range 5–42, 
mean 14.8, 75% quantile 20 years) were used in these analyses. This maximised inclusion of 
local wetlands that have changed greatly over time, while maintaining enough data to capture 
some of the likely variation in those short time-series. All remaining data also varied in 
frequency of counts each summer with each count area recording a mean of 1.79 counts per 
year (range 1–8, median 1). 
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The shorebird surveys analysed here were conducted between 1973 and 2014. In 
coastal (tidal) count areas, these surveys were conducted at roosting sites within 2 h of high 
tide, whereas at inland (non-tidal) count areas, no time constraint was applied. We only used 
data from the peak of the summer non-breeding period, from November to February, because 
movements between shorebird areas are less likely to occur during this period. At this time, 
migratory shorebirds have completed southward migration, have yet to begin their northward 
migration and adults are carrying out their annual primary moult (Marchant & Higgins, 1993; 
Higgins & Davies, 1996). Resident species, on the other hand, breed during this period but 
surveys were not timed or distributed ideally for resident shorebirds. Nonetheless these data 
often captured large groups of residents in post-breeding flocks, especially in late January and 
February, when most of the counts were conducted. These standardised repeated counts 
represent the best available continental-scale count time series for several resident species. 
3.3.2 Factors affecting local trends  
Variables that were thought likely to be related to local shorebird trends were: human 
population density near the shorebird area; the estimated size of the shorebird area; its 
protected area status; Ramsar designation; type of wetland; distance of the shorebird area to 
the coast; the latitude and longitude of each site; expert-assessed threats to shorebirds; and 
four variables related to data quality (see below for details).  
Human population density was estimated by generalising the Australian Bureau of 
Statistics 1-km grid representing human population density based on the 2011 census 
(Australian Population Grid 2011, available at 
http://www.abs.gov.au/AUSSTATS/abs@.nsf/Lookup/1270.0.55.007Main+Features12011, 
accessed 26 November 2015), and resampling by average to a grid of 10 km2 (the average 
size of a shorebird area) and taking the average population density from where it intersected 
the centroid of each shorebird area. 
The area (in hectares) of each shorebird area was obtained from BirdLife Australia’s 
Shorebirds 2020 database (also available in kml files at 
www.birdlife.org.au/projects/shorebirds-2020/counter-resources, accessed 17 December 
2015). Protected area status was derived from CAPAD 2014, the Collaborative Australian 
Protected Area Database, published by the Australian Government and available at 
https://www.environment.gov.au/land/nrs/science/capad/2014 (accessed 4 January 2016). 
Protected area status was based on International Union for the Conservation of Nature 
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(IUCN) classifications (available at 
http://www.iucn.org/about/work/programmes/gpap_home/gpap_quality/gpap_pacategori es/, 
accessed 4 January 2015): Ia = Strict Nature Reserve; Ib = Wilderness Area; II = National 
Park; III = Natural Monument or Feature; IV = Habitat / Species Management Area; V = 
Protected Landscape / Seascape; VI = Protected area with sustainable use of natural 
resources. Trends in shorebird abundance in relation to protected areas were compared in 
several ways. First, all IUCN classified shorebird areas were grouped and compared with 
unprotected shorebird areas. Then areas with each IUCN classification were compared 
against all other categories, resulting in seven comparisons. Finally, shorebird areas classified 
as either I, II or III combined were compared against all other shorebird areas combined. 
Ramsar designations for each site were derived by intersecting the 2011 Australia’s Ramsar 
Wetlands GIS shapefile (Australian Department of the Environment) with shorebird areas. 
Wetland types were compared by contrasting trends at non-tidal wetlands with trends 
at coastal (tidal) wetlands, and by comparing saltworks and sewerage works combined and 
independently to all other types of wetlands combined. 
Distance to the coast was estimated as the shortest Euclidean distance of each 
shorebird area centroid to the closest point of the coastline. The latitude and longitude of the 
centroid of each shorebird area were used to test for geographical variation in local 
population trends. Comparisons of Australian trends north or south of latitude 27.8°S were 
also made; this latitudinal threshold was selected because it approximately bisects the 
continent and was close to the state borders of Queensland and NSW, a region where the 
abundance of sand plovers, Terek Sandpipers (Xenus cinereus) and Grey-tailed Tattlers 
(Tringa brevipes) increases to the north (Bamford et al., 2008). Comparisons of trends east or 
west of longitude 129°E were also made; this longitude is roughly the eastern boundary of 
Western Australia. In the south there is a long stretch of coast west of 129°E where few 
shorebirds are found, and in the north this longitude lies between areas that are sampled 
regularly. 
Variables related to threats were derived from expert knowledge. On 2–3 February 
2015, 14 shorebird experts (all co-authors on this paper) attended a national-shorebird-count 
data workshop in Melbourne. Each expert had 10–40 years of experience in shorebird 
ecology and monitoring, including field monitoring at most shorebird areas in Australia. 
Expert opinion was used to class available population data from each of 295 shorebird areas 
into seven qualitative scores of data quality. These scores ranged from one for shorebird areas 
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with the longest, most consistent temporal and spatial coverage, to seven for those shorebird 
areas with the shortest and least consistent data. Areas scored ‘seven’ (n = 142) had time-
series that were too sparse or short and were therefore removed from further analyses. This 
left 153 shorebird areas with sufficient data: 26 areas with a score of one, 23 with a score of 
two, 20 scored three, 43 scored four, 6 scored five, and 35 scored six.  
Because data on potential shorebird threats were not available for all shorebird areas, 
the threats most likely to be operating at individual shorebird areas were identified at the 
expert workshop. The threats identified were (1) reduction of available roosting sites; (2) 
anthropogenic disturbance or agitation of birds; (3) diminishing water quality; (4) loss of 
foraging habitat; (5) anthropogenic impacts from aquaculture, management or industrial 
activity on the environment; and (6) inappropriate water levels for non-tidal wetlands where 
water levels may be too low, possibly empty, or too high, leaving the invertebrate prey in the 
mud inaccessible (termed water availability). Workshop participants and later other experts 
were then asked to determine if they believed each of these threats could be having local 
impacts on shorebirds in each shorebird area; 83 of the 153 shorebird areas had prevailing 
threats scored, leaving 70 areas that were not assessed owing to uncertainty as to operating 
threats. Overall, results for most species suggest rates of decline that vary geographically, 
with the odd random location where populations are stable or increasing (Figure 3.1. 
However, in species like Great Knot or Greater Sand Plover we cannot exclude the possibility 
that there has been some regional shifts in distribution with modest numbers of birds shifting 
toward the northeast of Australia. These kinds of shifts have been suggested as a possibility 
for some N. American shorebirds (Bart et al. 2007), however, recent additional analyses on 
the places where Great Knot and Greater Sand Plover are most numerous in surveys, 
indicates that when incorporating detection probabily as a source of variation in counts, 
declines are clearly evident in NW, and there were no significant regional differences 
detected with that approach (Studds et al in press). 
We tested four other explanatory variables related to data quality: the number of years 
of data for a shorebird area; the year the time-series began for a shorebird area; the length of 
the time-series in years; and the expert-derived data-quality score (see above). Resampling 
and extraction of all the variables above was done in R version 3.1.2 (R Development Core 
Team, 2015), using the raster package (Hijmans, 2014), and work on shapefiles was done 
primarily in the geographic information system (GIS) program ArcMap 10.2 (ESRI, 2011) 
with the spatial analyst extension. 
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3.3.3 Statistical analyses 
Statistical analyses were conducted in R version 3.1.2 (R Development Core Team, 
2015) and followed existing linear multilevel or hierarchical mixed effects modelling 
procedures (Gelman & Hill, 2007; Venables, 2014). We also largely followed established R 
code for the statistics (Gelman et al., 2012; Kuznetsova et al., 2014; Bates et al., 2015), and 
data collation and manipulation (Zeileis & Grothendieck, 2005; Venables, 2013; Wickham & 
Francois, 2014). Data quality, as scored by experts, length of time-series, years of data, and 
year of first count were highly correlated (r > 0.7), so only data quality and years of data were 
explored further. All count data were transformed (ln(x + 0.9), where x represents a given 
count) before analyses. 
Multilevel or hierarchical linear regression, as used here, has several advantages for 
analysing sparse datasets, and in this case: (1) it allows direct modelling of the variation 
among shorebird areas; (2) it allows the inclusion of predictors at the shorebird-area level; (3) 
it accounts for the spatial hierarchy in the data, which are collected at the count-area 
resolution grouped by shorebird area, and then grouped for all of Australia; (4) it accounts for 
data that varies in length of time-series and amount of missing data; and (5) it inherently 
gives more weight to those time-series with larger abundances and less variation. Data 
available for each count area were pooled if more than one count was conducted in selected 
summer months. In other words, if eight counts were conducted one summer at a count area, 
all eight data points were used in that year to calculate the regression, along with, for 
example, the five counts in the following year, and the single count in the year after that, and 
so on. Year (of the January in any given summer survey period) which ranged from 1973 to 
2014 was transformed by subtracting 1980 (the year when many time series started) and then 
subtracting the mean from each new value, resulting in intercepts roughly centred within each 
shorebird area time-series. 
Multilevel linear regressions included: fixed effects for overall Australia-wide 
intercept and slope; shorebird area-level predictors of latitude and longitude and interaction 
terms with time; random effects for intercepts that varied by count area within a shorebird 
area; and correlated varying shorebird area intercepts and slopes (Eqn 1). We tested 
predictors including latitude, longitude, human density and other variables (see above) at the 
level of shorebird area by first adding those variables and their interaction terms to the model, 
and then looking both for significant parameter estimates (t-tests), and graphical 
interpretations. Expert-assessed threats were tested separately (see below). Latitude and 
70 
longitude were hypothesised to be related to large-scale variation in trend across Australia. 
Therefore we included both latitude and longitude in any model that compared local area 
trends to ensure large geographical trends did not confound local area trend comparisons. In 
some cases latitude and longitude were correlated, so when making determinations on 
whether latitude or longitude was related to local trends, they were tested independently using 
both the entire available time-series and for 1996–2014. This later period was selected for 
comparison as surveys were available across more of the continent during this time, 
especially in northern Australia. Models were run separately for each of the 26 shorebird 
species tested. This model (Eqn 1) was used to generate the deviation of estimates of 
population change at individual shorebird areas (the random effects for slope) from the 
national average trend when large-scale variables, such as latitude and longitude, were 
included in the model (the fixed effects). It was also used to test for the significance of other 
continuous variables, such as human population density, area of shorebird area, data quality, 
or the distance to the coast. These variables are not specified below, but were treated and 
added in the same way as either latitude or longitude: 
Yica = β0 + β1 S1a + β2S2a + β3 Tca + β13 S1a Tca + β23 S2a Tca + (B0a + B3a Tca) + B0ca + εica (1) 
where: 
Yi ca is count i in count area c of shorebird area a (or ‘sector ca’ for short); 
S1a, S2a are spatial predictors (latitude and longitude respectively) for shorebird area a; 
Tca is a temporal predictor (the time of the count, measured in years from the midpoint of the recording years for 
sector ca); 
β0, β1, β2, β3, β13, β23 are the fixed effect coefficients for spatial and temporal terms, and spatio-temporal 
interactions; 
(B0a + B3a Tca) is a random effect term (B0a and B3a are correlated random perturbations to the fixed coefficients 
β0 and β3 respectively); 
B0ca is a random effect term (a further independent random perturbation to β0 applying at the ca-sector level); 
and  
εi ca is the random error term at the individual observation level. 
To estimate rates of overall population change across Australia, we removed the 
effects of latitude and longitude (Eqn 2a) and took the mean of estimated shorebird-area 
slopes weighted by mean abundance (W) at each shorebird area (random effect estimates 
from Eqn 1). This allowed trends from shorebird areas with more individuals to be weighted 
more highly. Eqn 2b added a random weight to Eqn 1 and Eqn 2a and was then run 200 times 
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for each species (increasing iterations above 200 did not alter parameter estimates notably), to 
allow for the calculation of confidence intervals of the estimated overall Australia-wide 
slope, which were calculated from quantiles of the 200 estimates (Eqn 3). Standard errors of 
the overall Australia-wide slope were then approximated using those confidence intervals. 
Eqn 2a gives the estimate of slope for each shorebird area with the effects of latitude 
and longitude removed: 
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where: 
atB is, for each species, the estimated slope for each shorebird area a for each of 200 iterations (t) of either Eqn 
1 or Eqn 2b with effects of latitude and longitude removed; 
�
3atB is, for each species, the estimated slope for each shorebird area a for each of 200 iterations (t) of either Eqn 
1 or Eqn 2b; and  
S1a, S2a are spatial predictors (latitude and longitude respectively) for shorebird area a. 
Eqn 2b  is Eqn 1 repeated with a random weight added: 
Yi cat  = β0 + β1 S1a + β2 S2a + β3 Tca + β13 S1a Tca + β23 S2a Tca + (B0a + B3a Tca) + B0ca + εi ca, Wicat (2b) 
where: 
Yi cat  is count i in ‘sector ca’ for each of 200 iterations (t);  
Wicat is a weight for each observation ica generated from a random draw from the exponential distribution for 
each of 200 iterations (t). 
Eqn: 
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where: 
𝑋t is the weighted mean of each iteration t, for the Australia-wide trend estimate; 
n is the number of shorebird areas a that were included for each species; 
i is the index of summation equivalent to (a) each shorebird area;  
t is the model iteration (out of 200) of Eqn 2a  ; 
72 
Xit is atB  from Eqn 2b  ; and  
Wi is the weight equal to the mean shorebird area abundance for each area a. 
Lower 95% CI bound of 𝑋 = 0.025 quantile (𝑋t); upper 95% CI bound of 𝑋 = 0.975 quantile (𝑋t); and  
Standard error (SE) of 𝑋  ~= [(Upper CI) - (Lower CI)]/(2 * 1.96). 
 
Models were assessed by inspecting residual vs fitted value plots, and random effects 
plots (Zuur et al., 2009). Residual plots showed acceptable homogeneity of variance, 
probability plots were acceptably linear, and histograms of the random effects were broadly 
normally distributed if a little skewed for some species. The resampling methods we used 
produced slightly asymmetric 95% confidence intervals. The results were judged significant 
at the 5% level if the confidence intervals excluded zero. 
Subsets of the above model were also run where only the high-quality data were used 
(i.e. data quality scores 1–3). Fixed effects for these different subsets were broadly similar to 
those when data with data-quality scores of 1–6 were used. This suggested that when 
estimating overall trends, our models were able to account for much of the variation 
associated with the poorer data-quality scores. All analyses presented below are therefore 
inclusive of data quality of scores 1–6. 
Correlations between deviations of shorebird area estimated slopes (random effects) 
from overall average slope (fixed effect) and average shorebird abundance were also 
calculated using Pearson’s correlation coefficient to help understand whether trend was 
correlated with abundance. Variables related to the ability to detect trends, quality of data and 
years of data were added as terms in the above model (Eqn 1), but without latitude and 
longitude, using t-tests again to assess significance. 
Expert assessments of threats were analysed using simple bar plots of slopes from 
shorebird areas where experts thought the threat was operating compared with shorebird areas 
where the threat was not thought to be operating (the random effects of shorebird area slope 
from Eqn 1), and Wilcoxon–Mann–Whitney U tests. 
Shorebird-area trends (random effects of slope from Eqn 1) for each species for each 
shorebird area (with sufficient data) were then ranked independently based on the distance of 
the shorebird-area trend from the mean of all shorebird-area trends, with values scored as 
positive when above the mean and negative when below the mean. Values <1 standard 
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deviation of the mean (s.d.) were scored + or − 0.1; values 1–2 s.d. were scored + or − 1; and 
>2 s.d. were scored + or − 2. These ranks were then summed across species groups to assess 
which areas had the most species increasing or decreasing relatively more than average. 
Overall summed ranks reflected areas with high abundance and species diversity that were on 
average retaining or losing more shorebirds. 
3.4 Results  
3.4.1 Continental-scale trends in shorebird populations 
Analyses identified significant decreasing population trends in 12 of 19 migratory 
shorebird species throughout Australia (Table 3.1). Five of the remaining seven species 
showed significant decreases in southern Australia after 1996 (Table 3.2). Despite sampling 
effort being concentrated coastally (Fig. 3.1), populations of four resident shorebirds most 
common on non-tidal wetlands also decreased significantly (Table 3.1): Red-necked Avocet, 
Black-winged Stilt, Red-kneed Dotterel (Erythrogonys cinctus) and Black-fronted Dotterel 
(Elseyornis melanops). These results contrast with those for the three other resident species, 
which are either partially or entirely dependent on coastal ecosystems: populations of 
Australian Pied Oystercatchers (Haematopus longirostris) and Sooty Oystercatchers 
(Haematopus fuliginosus) increased significantly and populations of Red-capped Plovers 
(Charadrius ruficapillus) showed no overall significant trends at the continental scale from 
1973-2014 (Table 3.1). 
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Figure 3.1 Decreases (dark circles) and increases (light circles) in shorebird 
abundance over time estimated from models that excluded latitude or longitude for: 
(a) Eastern Curlew (3.2% national decline, with decreases greater in southern and 
eastern Australia); (b) Ruddy Turnstone (3.3% national decline, with decreases 
slightly greater in southern Australia); (c) Red-necked Stint (3.3% national decline, 
with decreases slightly greater in southern Australia); and (d) Sooty Oystercatcher 
(0.7% national increase, with increases greater in southern Australia). Size of circles 
is proportional to 0.5 × standard deviations of the trend. 
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Table 3.2 Estimated populations of shorebirds in northern and southern Australia 
(from Bamford et al. 2008), slope (change in abundance per year from 1996–2014), 
and correlation between rate of change and abundance within shorebird areas when 
latitude and longitude are in a linear mixed-effects model.  Slope = estimates of log-
transformed counts over time (per year) and which approximate percentage change in population per 
year; CI = confidence interval; SE ~= [(Upper CI) – (Lower CI)]/(2 X 1.96); 95% CI = 0.025 and 
0.975 quantiles of 200 model runs (bold = 95% CI that do not span 0); Correlation = Pearson 
correlation between random effects for all areas and abundance in shorebird area. Species are 
arranged as either resident or migratory species in order of increasing slope. 
                                      Estimated population                    North of 27.8°S                                     South of 27.8°S 
Species North of 27.8°S 
South of 
27.8°S Slope  SE 
       95% CI  Slope SE 95% CI  Correlation 
Migratory Species 
Black-tailed 
Godwit 65000 4850 -12.71 5.45 -21.76 to -0.39 -3.22 1.69 -7.12 to -0.49 -0.37 
Lesser Sand Plover 24000 1360 -10.63 1.70 -14.01 to -7.33 -5.42 1.67 -8.27 to -1.73 -0.26 
Terek Sandpiper 22000 760 -4.90 1.27 -7.65 to -2.7 -4.81 1.15 -6.99 to -2.49 -0.37 
Bar-tailed Godwit 168000 17760 -3.83 0.86 -5.72 to -2.33 1.33 1.31 -1 to 4.11 -0.11 
Red-necked Stint 95000 175800 -3.06 1.67 -5.81 to 0.73 -3.86 1.20 -5.84 to -1.13 -0.09 
Eastern Curlew 22400 5600 -2.91 0.57 -4.25 to -2.03 -6.95 1.11 -9.17 to -4.82 -0.16 
Whimbrel 29350 820 -1.12 1.32 -4.08 to 1.08 -0.49 0.95 -1.33 to 2.41 0.13 
Ruddy Turnstone 8700 10800 -1.09 1.60 -4.22 to 2.06 -7.26 1.07 -9.02 to -4.83 -0.26 
Curlew Sandpiper 60000 58500 -0.98 1.27 -3.49 to 1.46 -11.15 1.40 -13.98 to -8.51 -0.31 
Pacific Golden 
Plover 4600 2750 -0.17 0.56 -1.53 to 0.65 -0.98 0.73 -2.19 to 0.68 -0.2 
Marsh Sandpiper 9700 3050 -0.03 1.19 -2.12 to 2.55 -13.04 1.87 -16.25 to -8.93 0.06 
Great Knot 358000 6100 0.01 1.23 -2.51 to 2.31 -3.31 1.38 -6.09 to -0.66 -0.17 
Grey Plover 6700 4950 0.22 1.07 -2.22 to 1.97 -2.78 1.14 -4.67 to -0.19 -0.37 
Greater Sand 
Plover 74000 330 0.34 1.10 -2.19 to 2.11 -3.40 1.34 -5.75 to -0.5 -0.17 
Common 
Greenshank 13000 5900 0.36 0.82 -1.19 to 2.02 -3.80 0.74 -5.29 to -2.4 -0.1 
Red Knot 118000 16850 1.08 2.88 -4.34 to 6.96 -5.64 1.52 -9.19 to -3.22 0.01 
Grey-tailed Tattler 44000 810 2.65 1.33 0.13 to 5.34 -0.73 1.44 -3.39 to 2.28 0.26 
Sanderling 3700 6310 7.48 2.03 2.92 to 10.87 -6.52 2.47 -10.88 to -1.19 0.07 
Sharp-tailed 
Sandpiper 42000 98550 8.34 2.78 3.73 to 14.63 -4.75 3.20 -10.22 to 2.33 -0.15 
Resident Species 
Sooty 
Oystercatcher - - -1.30 0.64 -2.48 to 0.02 3.61 1.06 1.49 to 5.62 -0.01 
Red-kneed Dotterel - - -2.09 1.49 -4.17 to 6.67 -2.16 0.36 -3.55 to -0.66 -0.36 
Black-fronted 
Dotterel - - -0.07 0.89 -3.61 to 3.14 -2.44 0.27 -3.78 to -1.71 -0.05 
Red-capped Plover - - 0.27 1.29 -2.39 to 2.66 -2.78 1.41 -5.29 to 0.26 0.09 
Australian Pied 
Oystercatcher - - 0.31 2.13 -4.59 to 3.78 3.02 0.66 1.64 to 4.24 -0.01 
Black-winged Stilt - - 7.64 2.78 2.09 to 12.99 -7.25 2.07 -12.67 to -4.55 -0.19 
Red-necked Avocet - - 29.63 11.46 12.18 to 57.11 -5.28 1.95 -8.94 to -1.27 -0.23 
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3.4.2 Geographical patterns of population change among shorebird species 
The estimated rate of change in mean counts of shorebirds at each shorebird area 
varied widely throughout Australia (Fig. 3.1, Figs S3.1–S3.6 available as Supplementary 
material online). However, that variation was explained primarily by latitude or longitude, 
with the magnitude, and even the direction, of the effect varying between species in the 
truncated time-series from 1996 to 2014 (Figs 3.3, 3.4; Tables 3.1, 3.2). 
 
 
Figure 3.3 Annual change in abundance compared with latitude and longitude for: 
(a) Curlew Sandpiper; (b) Bar-tailed Godwit; (c) Eastern Curlew; and (d) Red Knot. 
Data points are the slope of the estimated trend at each shorebird area monitored, 
and vertical lines are ± 1 SE See Table 1 for full statistical results. 
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Figure 3.4 Geographical differences in estimated trends of populations for shorebird 
species across the Australian continent for: (a) areas north or south of 28.7°S; and 
(b) east or west of 129°E. The Red-necked Avocet was an outlier and is excluded 
from the north–south plot (see Table 2), and the Black-tailed Godwit, Black-fronted 
Dotterel and Red-kneed Dotterel were outliers and excluded from the east–west plot. 
Dashed lines indicate the case where trends are equal in both geographical regions. 
Filled circles represent migratory species and triangles represent resident species; 
lines are ± 1 SE Species abbreviations: BaTG = Bar-tailed Godwit, BlTG = Black-
tailed Godwit, BWSt = Black-winged Stilt, CoGr = Common Greenshank, CuSa = 
Curlew Sandpiper, EaCu = Eastern Curlew, GrKn = Great Knot, GrSP = Greater 
Sand Plover, GTTa = Grey-tailed Tattler, LeSP = Lesser Sand Plover, MaSa = 
Marsh Sandpiper, PiOy = Pied Oystercatcher, ReKn = Red Knot, RNAv = Red-
necked Avocet, RuTu = Ruddy Turnstone, Sand = Sanderling, SoOy = Sooty 
Oystercatcher, STSa = Sharp-tailed Sandpiper, TeSa = Terek Sandpiper. 
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Overall results suggest more species decreased, and did so more rapidly, in southern 
and eastern Australia than elsewhere in Australia (Tables 3.1, 3.2; Fig. 3.4). However, these 
decreases in the south and east were not offset by increases in northern or western Australia, 
where most shorebird species also decreased, albeit at a slower or more variable rate (Fig. 
3.4). These generalisations did not apply universally. For example, Bar-tailed Godwits 
(Limosa lapponica) decreased more in northern Australia, whereas Greater Sand Plovers 
(Charadrius leschenaultii) decreased more in the west while increasing a little in the east 
(Table 3.1). Of all the species examined, 17 of 19 migratory species and two of seven 
resident species had trends that were significantly related to latitude or longitude. These 
results highlight that trends in populations are not even across Australia (Table 3.1; Fig. 3.4). 
In southern Australia since 1996, populations of 14 of 19 migratory shorebird species 
decreased significantly, whereas in northern Australia only five of 19 migratory shorebird 
species decreased and three increased significantly (Table 3.2). Similarly, populations of four 
of seven resident species decreased in the south, whereas no resident species decreased 
significantly in the north (Table 3.2; Fig. 3.4). These results highlight some important 
differences. For example, 85% of Red Knots (Calidris canutus) are found in the north of the 
country and populations there were stable, whereas the species is clearly decreasing across 
many areas in the south of the country (Table 3.2; Fig. 3.4). Also, the Australia-wide stable 
population of Grey-tailed Tattlers (Table 3.1) masks the virtual disappearance of smaller 
populations in southern Australian, such as those of Tasmania and Victoria (Table S3.1). 
Similar patterns of decreases of small populations in the south are evident in otherwise 
apparently stable populations of Greater Sand Plover and Marsh Sandpiper (Tringa 
stagnatilis) (Table 3.2). Finally, some shorebird species with a less northerly distribution, 
such as Red-necked Stints and Sharp-tailed Sandpipers (Calidris acuminata), were also 
decreasing significantly in the south, but were stable or increasing significantly in the north 
(Table 3.2). Similar, albeit less pronounced regional differences in the rate of change were 
evident when comparing the east and west of the continent (Fig. 3.4). 
Shorebird areas with better data or more years of data revealed significantly larger 
decreases (P < 0.05) in seven of the 26 species modelled (Fig. 3.5; Table 3.1). As time-series 
tended to be longer in southern and eastern Australia, we evaluated the differences in results 
when using the entire time-series from 1973 to 2014 compared with results from a truncated 
dataset from 1996 to 2014, a period more closely matching the average length of time-series 
in the north. The truncated dataset at a continental-scale revealed similar results to those from 
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the entire time-series (Table 3.1) but significant decreases were not detected in the shorter 
time-series for either Pacific Golden Plovers (Pluvialis fulva) or Sharp-tailed Sandpipers, 
whereas there were significant decreases in populations of Marsh Sandpipers and Red-capped 
Plovers, and there were notable differences in the size of estimated decreases for some 
species (Table S3.2). Using the entire time-series also revealed 26 similar geographical 
patterns of decline related to gradients of latitude or longitude to those reported for the 
truncated data in Table 1 (see Table S3.2). Across this truncated time-series, five species 
declined more in the south, three in the north, nine in the east, and four in the west. 
 
Figure 3.5 (a–b) Annual change in abundance compared with the number of years of 
monitoring data from any shorebird area for: (a) Curlew Sandpiper and (b) Red-
necked Stint. Data points are annual change as measured at individual shorebird 
areas; vertical lines are ± 1 SE (c–d) Annual change in abundance compared with an 
expert-assessed index of quality of monitoring for: (c) Great Knot and (d) Pacific 
Golden Plover. Areas with a data-quality score of 1 have many years of count data, 
and consistent spatial and temporal coverage, whereas those with many data gaps 
score 6. See Table 1 for data on all species. 
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3.4.3 Comparing trends among local areas 
After accounting for latitude and longitude, it was clear that different species were 
declining at different rates in different areas, with trends for individual shorebird areas 
occasionally differing by over two standard deviations from the overall Australian trend 
(Table S3.3). For example, despite national declines, populations of Eastern Curlews were 
increasing at Botany Bay, whereas they were decreasing more rapidly in the Tweed River 
Estuary than anywhere else in the country (Table S3.3). The areas that appear to be losing 
large numbers of multiple shorebird species most rapidly were: the Mackay area, 
Queensland; Richmond River Estuary, north-eastern NSW; Gulf of St Vincent and Moolap 
Saltworks, South Australia; the Hunter River Estuary, central eastern NSW; the Tweed River 
Estuary, north-eastern NSW; The Coorong and Kangaroo Island, South Australia; 
Shoalhaven River Estuary, south-eastern NSW; Port Stevens, central eastern NSW; and 
Corner Inlet, Victoria (Table S3.4; ordered from lowest total rank sum). Conversely, the areas 
where shorebird retention was highest were: Bushland Beach, Queensland; Lucinda, 
Queensland; Manning River Estuary, NSW; North Darwin, Northern Territory; Cape 
Bowling Green, Queensland; the Lake Connewarre area, Victoria; the Tamar Estuary, 
Tasmania; Warden Lakes, Western Australia; the coastal stretch from Discovery Bay to the 
Glenelg River, Victoria; and Streaky Bay, South Australia (Table S3.4; ordered from highest 
total rank sum). If areas were losing or retaining relatively more shorebirds, those changes 
were often similar for both resident and migratory species, but some differences stood out 
within individual shorebird areas. For example, at Shallow Inlet, resident shorebirds were 
doing slightly worse than average, whereas migratory shorebirds were on average doing 
better than all but one other area (Table S3.4). The expert assessments of areas thought to be 
potentially affected by any given threat are reported in Table S3.4. 
3.4.4 Relationship between shorebird population trends and local factors 
Water availability in non-tidal wetlands was the only expert-assessed threat tested that 
was related to greater rates of decrease between shorebird areas, and this relationship was 
only significant for inland resident shorebird species (P < 0.05; Fig. 3.2). There was a weaker 
relationship for migratory species that frequent inland wetlands (P = 0.087; Fig. S3.7 in 
Supplementary material). Rates of population change did not differ in areas where local 
populations were thought to be threatened by: (1) unfavourable water quality; (2) a loss of 
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foraging habitat (Fig. S3.7 in Supplementary material); (3) lack of available roosts; (4) 
threatening human activities or management; or (5) disturbance, despite the latter being 
considered a threat at >50% of shorebird areas (Fig. S3.7 in Supplementary material). 
Similarly, trends did not differ with the number of threats operating in a shorebird area (Fig. 
S3.7 in Supplementary material). 
 
Figure 3.2 Differences in population change for: (a) Red-necked Avocet and (b) all 
four inland resident shorebirds combined according to whether water availability 
was scored as local threat or not.  Differences are significant in both cases (Red-
necked Avocet – Wilcoxon–Mann–Whitney U: W = 751, P < 0.05; N not 
threatening = 29, N threatening = 18. Inland resident shorebirds – Wilcoxon–Mann–
Whitney U: W = 355, P < 0.05; N not threatening = 57, N threatening = 20). Median 
= dark horizontal line; lower limit of box = 25th percentile; upper limit of box = 
75th percentile; whiskers = ±1.5 × interquartile range (75th percentile – 25th 
percentile); open circles = outliers. 
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None of the other local variables tested was significant, once latitude and longitude 
were included in the model. These included human population density near the local 
shorebird area; the estimated size of the local shorebird area; the protected area status of the 
shorebird area; whether the shorebird area was a Ramsar site; type of wetland; and the 
distance of the shorebird area to the coast. A correlation matrix revealed that none of these 
local variables or the expert-derived threat assessments were correlated (>0.35) to latitude or 
longitude. 
 
3.5 Discussion 
In this study we revealed long-term decreases in 12 of 19 migratory shorebirds (Table 
3.1). Five of the seven species showing no overall declines Australia-wide had decreased 
significantly south of latitude 27.8°S since 1996 (Table 3.2). Of the migratory shorebird 
species, only Grey-tailed Tattlers showed no decreases in all geographical and temporal 
subsets of data (Table S3.2). This contrasts with the decreases previously reported for Grey-
tailed Tattler in Victoria, South Australia and Tasmania (Table S3.1), although those areas 
reporting declines supported only small populations of Grey-tailed Tattler. For most 
migratory species, however, this study revealed continental trends that suggested greater 
decreases than previously reported. For example, Red-necked Stints and Sharp-tailed 
Sandpipers are two of the most widespread migratory shorebirds in Australia, and were found 
to be decreasing overall despite previously reported contrasting trends (Tables S3.1 in 
Supplementary material). 
These declines in populations of migratory shorebirds were widespread across 
Australia and probably reflect the reliance of migratory shorebirds on disappearing East 
Asian habitats (Minton et al., 2006; Minton et al., 2011a). The interspecific differences in 
trends were consistent with the variable degree to which species are reliant on the most 
threatened East Asian habitats (Rogers et al., 2006a; Rogers et al., 2010b). Furthermore, co-
occurring resident coastal species were not decreasing in habitats where migratory species 
were decreasing, and site-specific studies have been unable to identify local causes of 
population declines (Wilson et al., 2011b; Minton et al., 2012; Hansen et al., 2015). The 
greatest impact to EAAF migratory shorebirds remains the loss of critical intertidal habitats 
in the Yellow Sea (Moores et al., 2008; Amano et al., 2010; Rogers et al., 2010b; Yang et al., 
2011; Murray et al., 2014; Murray et al., 2015; Piersma et al., 2015). 
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The degree of the Flyway-scale decline indicated by our results varies by species, 
depending on a combination of: the proportion of the Flyway population of each species in 
Australia (Table 3.1); the degree to which their Australian distribution is well sampled 
(Clemens et al., 2010); and the strength of decline reported here and in other analyses (Tables 
S3.1, in Supplementary material). 
Contrastingly, populations of Australian Pied Oystercatchers and Sooty 
Oystercatchers, two resident species that breed and live in coastal habitats, were increasing 
overall in Australia (Table 3.1). Similarly, populations of Red-capped Plovers, a resident 
species common on the coast, were stable overall in spite of apparent decreases in different 
subsets of the data (Table S3.2). However, populations of all four resident shorebird species 
that are more reliant on non-tidal wetlands – Red-necked Avocet, Black-winged Stilt, Black-
fronted Dotterel and Red-kneed Dotterel– were decreasing significantly. These species are 
uncommon on the coast where most sampling in this study took place, but they do appear at 
the coast in large numbers when inland conditions become dry. Our results suggest that 
previously reported decreases in counts of Red-necked Avocets and Black-winged Stilts 
across inland eastern Australia (Nebel et al., 2008) were not offset by increased counts in 
coastal habitats. Widespread decreases in populations of Black-fronted Dotterels have not 
been reported previously, and decreases in populations of Red-kneed Dotterels had only been 
reported previously in the Gulf of St Vincent, South Australia (Close, 2008), and in 
comparisons of data from the Atlas of Australian Birds between the period from 1977–1981 
and the period from 1998–2001 (Barrett et al., 2002). Together our results paint a bleak 
picture for the status of Australia’s migratory shorebirds and those resident species that move 
widely in the interior of the continent. 
We found that inland resident shorebirds were decreasing most at sites where the 
availability of water was scored by experts as a threat, suggesting that wetland degradation is 
affecting some resident shorebird species. A similar finding emerged from a study based on 
an independent, broad-scale aerial survey (Nebel et al., 2008). Intriguingly, none of the other 
expert-assessed local threats that we tested, nor the proxies of threats, such as human density, 
or protected area status was associated with trends in shorebird abundance at shorebird areas. 
However, there were several clear examples where shorebirds at individual shorebird areas 
were decreasing more rapidly than anywhere else in Australia (Tables S3.3, S3.4), but the 
kinds of conditions found in shorebird areas with the largest decreases were not widespread 
across Australia. Although there was no clear evidence that birds had moved away from areas 
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with the largest decreases, such as The Coorong, South Australia, given the scale of declines 
nationally such movements could be easily masked. Further study will be needed to 
determine whether the internationally important numbers of shorebirds that disappeared from 
some shorebird areas suffered mortality, reduced fecundity, or simply moved elsewhere. 
3.5.1 Geographical variation in trends  
For migratory species, latitude or longitude or both were the only two variables we 
found that were related to the rates of population change among shorebird areas. Seventeen of 
19 migratory species had rates of change that varied with latitude or longitude or both, but 
only two of seven resident species showed such relationships. These geographical 
relationships varied between species, with Bar-tailed Godwits declining more rapidly in the 
north of Australia, Eastern Curlews in the south and east, Red-necked Stints in the east, and 
Sharp-tailed Sandpipers in the west and south (Table 3.1). 
The strength of the geographical patterns in population trends was surprising given 
the absence of strong site-level effects. Although we cannot rule out the possibility that local 
variables shared at regional levels could explain the geographical patterns, it is difficult to 
conceive of examples of local variables that might act in opposite geographical directions on 
similar species that use the same habitats. The varied patterns of association between 
population change and geographical location in species using the same habitats are consistent 
with the notion that factors affecting populations are occurring outside Australia. There are 
several possible explanations for these patterns. 
First, populations that occupy different parts of Australia could be connected via 
migration to specific areas of staging habitat or breeding habitat overseas, which if affected 
would be reflected in the Australian population connected to that area. Indeed, shorebirds 
migrate through the EAAF using species-specific routes, with some populations much more 
reliant on certain East Asian intertidal habitats and sites that have been modified to varying 
degrees, such as Saemangeum (Moores, 2012), Chongmin Dongtan (Ma et al., 2009), Bohai 
Bay (Rogers et al., 2010b) and Yalu Jiang (Barter & Riegen, 2004; Riegen et al., 2006; Choi 
et al., 2015). 
Second, population decreases could be associated with the density of birds present in 
different regions of Australia. While this idea is not consistent with the high site fidelity 
reported in several migratory shorebird species in our region (Conklin et al., 2010; Clemens 
et al., 2014), Eastern Curlew and Grey Plover (Pluvialis squatarola) were declining more 
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rapidly in regions where they are more abundant (Table 3.1). These species are highly 
sensitive to interference competition (Folmer et al., 2010), and one might expect more rapid 
declines in more densely populated sites. However, as correlations between a species trend 
and the number of individuals present at a shorebird area were not high (Table 3.2), it is 
unlikely that strong density-dependence effects trends in most of these species. Weak support 
for this possibility is none-the-less present (Table 3.2). 
Finally, the observed geographical patterns could relate to variation in migratory 
pathways over time or between different species or subspecies. We expected to find the 
greatest declines in the south of the continent because, if external causes are affecting 
population decreases, migrants would not to need to migrate as far south to find unoccupied 
habitat (Cresswell, 2014). However, although many species were indeed decreasing more 
quickly in the south, others were decreasing more rapidly in the north. As we learn more 
about the different migration strategies of subspecies (Battley et al., 2012) and species 
(Minton et al., 2006; Wilson et al., 2007; Minton et al., 2011b; Minton et al., 2011a) we may 
discover that juveniles are still tending to occupy the first suitable habitat with vacancies that 
they encounter but that different species or subspecies discover Australia in different ways, 
for example subspecies baueri of Bar-tailed Godwit arriving in Australia in the south-east 
and thus decreasing least in this area. 
3.5.2 Local trends and threats 
Despite the predominance of geographical patterns detected here, there have been 
examples of severe changes at individual shorebird areas, and management will be needed to 
address these. Historical local reductions in shorebird populations were underway well before 
the time-series analysed here began, for example, through drainage of wetlands in south-
eastern South Australia (Taffs, 2001) and loss of intertidal habitat in Botany Bay (Pegler, 
1997). More recent loss or degradation of Australia’s inland wetlands (Nebel et al., 2008; 
Finlayson et al., 2013; Nielsen et al., 2013; van Dijk et al., 2013) and the collapse of the 
estuarine ecosystem of The Coorong, show clearly that such cases are still occurring (Paton et 
al., 2009; Paton & Bailey, 2012). Indeed, careful management of wetlands is crucial to 
maintain their suitability for shorebirds. We found larger decreases in shorebirds using 
wetlands that were scored by experts as too full (from water storage) or too dry. Further, the 
coastal decreases of Black-winged Stilts, Black-fronted Dotterels, Red-kneed Dotterels, 
Sharp-tailed Sandpipers, Curlew Sandpipers (Calidris ferruginea), Common Greenshanks 
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(Tringa nebularia) and Red-necked Stints, suggest that decreases at inland sites (Nebel et al., 
2008) were not simply offset by redistribution of birds to the coast. 
Areas that are suffering more rapid shorebird declines than many other locations 
contrast sharply with those retaining populations more effectively (Table S3.4). These 
differences in trends in shorebird abundance between shorebird areas suggest to us that 
comparisons reported in this study (Tables S3.2, S3.3 in Supplementary material) provide 
better indications of which areas have exceeded a limit of acceptable change than can be 
provided from monitoring of individual areas. Without these kinds of comparisons it is far 
more difficult to decipher whether local decreases in populations simply reflect large-scale 
population changes unrelated to the local environment, or if local ecological changes may be 
responsible for local declines. Studies which then compare the interactions of precisely 
measured ecological variables coupled with measures of shorebird body mass, changing 
proportions of the numbers of juveniles relative to other age-groups, energy budgets, food 
intake rates, or demographic rates would provide direction on how precisely to improve 
shorebird conditions at local areas (van de Kam et al., 2004; Colwell, 2010; Faaborg et al., 
2010b; Weston et al., 2012). 
3.5.3 Methodological caveats 
Shorebirds can be difficult to count accurately, and they are highly mobile (Wilson et 
al., 2011a). Resulting noise in the data can make it difficult to detect all trends that are 
present, and lead to trend estimates that cannot strictly be compared among species (Bart & 
Johnston, 2012), but is unlikely to lead to erroneous declines being detected. For example, 
log-transformed count data coupled with linear regressions may suggest trends are present or 
more severe than would be revealed by other more conservative techniques that may miss 
genuine trends (Wilson et al., 2011a). Also, taking a maximum likelihood estimate of many 
potentially exaggerated trends may result in larger rates of decline than would have been 
detected with other methods. These potential issues could be exacerbated when comparing 
trends between areas owing to our finding that the magnitude of population decrease was 
correlated with the length of time-series, and quality of available data in seven species (Fig. 
3.4). Therefore, the results reported here may include some ordering that is still influenced by 
data quality (Tables S3.2, S3.3 in Supplementary material), something more likely in areas 
with <10 years of data. For example, the Lake Albacutya Ramsar site in Victoria did not rank 
as a shorebird area losing more birds than other areas nationally owing to only having 5 years 
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of data available. More data would have resulted in this ephemeral wetland being ranked 
among the places that have lost the most shorebirds as significant numbers of shorebirds have 
not been recorded there since 1983, and the only time it has held water since then was in 
1993. 
It is possible that some of the trends reported here might be exaggerated, but it is also 
possible that some trends were missed, and we have attempted to strike a balance between 
these two errors. Taking one example in detail, 85% of the total population of Great Knots 
(Calidris tenuirostris) counted in Australia (>100,000 birds) are at three shorebird areas in 
north-western Australia. A simple linear regression of pooled data from north-western 
Australia indicates an average rate of decline of ~1.8% per year, but owing to variation in the 
data that result is not significant. If we compare some of the complete ground-counts of the 
entire length of Eighty Mile Beach, a similar 20% reduction in abundance in ~10 years is 
suggested (Rogers et al., 2007). However, there have been several areas in central and 
northern Queensland that have recorded an increase in the number of Great Knots, in two 
cases going from small populations to a couple of thousand birds. Despite weighting trends 
by average abundance of shorebirds found in a shorebird area when estimating overall trends, 
these smaller but less variable increases contribute more to estimates of trends in northern 
Australia than the decline in north-western Western Australia, which is down-weighted 
owing to the high variation in those counts. It is likely that if there were 35 years of data 
available from north-western Western Australia, decreases in counts of Great Knot may be 
more evident. Overall, results for most species suggest rates of decline vary geographically, 
with the occasional random place where populations are stable or increasing (Fig. 3.1, Figs. 
S3.1-S3.6). However, in species like Great Knot or Greater Sand Plover we cannot exclude 
the possibility that there has been some regional shifts in distribution with modest numbers of 
birds shifting toward the northeast of Australia. These kinds of shifts have been suggested as 
a possibility for some North American shorebirds (Bart et al. 2007). However, recent 
additional national analyses which directly modelled detection probability, a likely source of 
large variation in counts in northwest Australia where these birds are most numerous, found 
significant declines in northwest Australia and no significant regional differences in rates of 
change (Studds et al., in press). While we still cannot rule out shifting ranges toward areas 
not being sampled, based on current evidence hypotheses of range shifts in these declining 
species are not supported.  
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Our analyses also did not account for non-linear trends in the data. Although 
diagnostic plots did not reveal this to be a large problem, non-linearity of declines has been 
observed in time-series analyses for several migratory species in Australia (Minton et al., 
2012; Hansen et al., 2015), and is indicated in some species by different rates of decline over 
different periods of time (Table S3.2). However, trends reported here are remarkably 
consistent with the overview of trends previously reported from individual shorebird areas 
which were based on a wide variety of methods (Table S1), and this suggests these 
methodological issues were not overly influential on results. 
3.5.4 Conclusions 
Our synthesis and analysis of Australian shorebird monitoring data, collected by 
volunteers over the past 30 years, have revealed continental decreases in populations of most 
species of migratory shorebird. Populations of four resident shorebirds most common at 
Australian inland wetlands were also observed to be declining, whereas populations of 
resident coastal species were stable or increasing. Site-level variables did not identify any 
widespread correlates of local population declines that suggest current limitation of migratory 
shorebirds in Australia. Instead, the broad similarity of declines across diverse habitats, and 
geographical patterns of decrease for similar species that use the same habitats but go in 
opposite directions across the continent are consistent with the idea that Australia’s migratory 
shorebirds are primarily being affected by threats operating overseas. The key exception to 
this is the strong association between declines in four species of resident shorebirds that use 
inland wetlands and inappropriate water levels, a threat that is likely to grow as the climate 
changes (Finlayson et al., 2013). 
Although there is a clear need for increased advocacy for conservation actions 
overseas for migratory shorebirds, the substantial variability in trends at individual sites 
across the continent, combined with the evidence of declines of inland resident shorebirds 
indicates there remains an important role for effective management of shorebird habitat in 
Australia. 
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4.1 Abstract 
Aim 
Climate change and reduced water availability significantly alter the frequency and 
extent of flooding events across the vast interior of Australia, yet the ecological implications 
of these changes are poorly understood. This is in large part because of the scarcity of 
information on the occurrence of species across Australia’s remote interior. Here we explore 
whether predictive modelling techniques, applied to the best available data, can capture the 
temporal and spatial dynamics of highly mobile shorebirds in wetlands across the interior of 
the Australian continent.  
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Location 
Australia’s interior  
Methods 
We developed continental-scale species distribution models using two-stage boosted 
regression trees (BRT) and monthly environmental variables at 0.1 degree spatial resolution 
to predict the presence and abundance of shorebird species across Australia between 1981 
and 2013.   
Results 
While presence-absence models provided excellent predictions within the sampled 
areas, they showed average to low predictive power beyond. Overall, models did not 
adequately predict abundance at fine spatial and temporal resolution. However, predicted 
declines in abundance for six shorebird species were in agreement with previous studies and 
model predictions improved current estimates of the total population sizes of shorebirds in 
Australia. All species showed temporal variation in the total area of predicted suitable habitat, 
but some species showed much larger occasional contractions than others.  
Main conclusions 
Our results highlight the need for robust independent data when validating broad 
model extrapolations, for improved environmental predictors reflecting food availability, and 
for increased sampling in underrepresented areas. Temporal predictions of dynamic shorebird 
distributions across Australia are insufficient to inform on-ground management, but provide a 
much improved estimate of how abundance varies at broad spatial and temporal scales. Our 
modelling approach could be applied to investigate population trends for other species across 
the interior of Australia and in similarly dynamic systems globally.  
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4.2 Introduction 
Australia’s interior is characterised by vast floodplains and wetlands with enormous 
fluctuations in water availability over time and space (Roshier et al., 2001; Kingsford & 
Norman, 2002). River regulation (building of dams) and diversions, primarily for irrigation, 
have considerably reduced the extent and frequency of flooding in many regions (Kingsford, 
2000; Finlayson et al., 2013; Bino et al., 2016), and climate change could potentially 
exacerbate these fluctuations (Finlayson et al., 2013). Natural wetland variability has driven 
the feeding ecology, breeding events and often large scale movements of Australian 
waterbirds, producing enormous fluctuations in annual waterbird abundance at local scales 
(Kingsford & Norman, 2002). One of the best known examples of this is the movement of 
tens of thousands of Australian Pelicans (Pelecanus conspicillatus) from the coast to wetlands 
in the desert which may only fill with water once every ten years (Kingsford & Norman, 
2002). Many other Australian waterbirds are also known to move long distances in response 
to wetting and drying cycles in Australia’s many temporary wetlands (Kingsford et al., 2004). 
The implications of changes to the frequency and extent of these flooding cycles on the 
species that rely on temporary wetlands remains uncertain, partly because of the paucity of 
information on their distribution across large portions of Australia’s vast, remote interior.  
Shorebirds account for over two million of Australia’s waterbirds (Hansen et al. 
2016). This includes both non-migratory species that breed in Australia and migratory species 
that visit Australia but breed in the northern hemisphere. Populations of both groups of 
species are declining precipitously (Nebel et al., 2008; Clemens et al., 2016; Studds et al. in 
press), with non-migratory species declining primarily due to a decrease in Australian 
wetland area (Nebel et al., 2008), while migrant declines are due primarily to loss of intertidal 
habitats throughout east Asia (Murray et al., 2014; Piersma et al., 2015; Studds et al. in 
press). Environmental management in Australia for both groups of shorebirds could be 
improved by regulating water extraction or creating artificial wetlands at optimal times and 
locations. While non-migratory species reliant on Australia’s wetlands for their entire life 
cycle may benefit most from effective management of inland wetlands, there is the potential 
that improved conditions for migrant species could provide beneficial carry-over effects 
(Norris, 2005; Harrison et al., 2011). Artificial wetlands have been created extensively for 
shorebirds in other regions of the world (Rehfisch, 1994; Sanders, 2000). However, an 
understanding of where and when we might allocate precious water resources for such 
shorebird management in Australia is not clear. In California, knowledge of shorebird 
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movement patterns combined with mapping of current water availability has allowed 
environmental managers to create temporary artificial wetlands supporting large numbers of 
shorebirds at the times and locations when birds are passing through and wetlands are 
otherwise temporarily unavailable (Anderson, 2015). The emergence of such a program of 
management in Australia is hampered by a lack of information on continental movement 
patterns of shorebirds across inland Australia, one of the world’s most temporally dynamic 
wetland systems (Kingsford & Norman, 2002). 
The implications of wetland dynamics on Australian shorebirds are especially difficult 
to estimate as these birds track large, yet sporadic pulses in wetland availability (Kingsford & 
Norman, 2002). Environmental stochasticity has long been understood to drive some of the 
variation observed in wild animal populations from year to year (Ma et al., 2010), and a 
growing body of research has demonstrated how total population sizes can be impacted by 
infrequent large pulses in resource availability (Sears et al., 2004; Holt, 2008; Yang et al., 
2010). The magnitude, frequency, and duration of such pulses affect the size and persistence 
of populations dependent on those habitats (Yang et al., 2010). The burst in life following a 
rare wetting event in a dry continent comprises two parts. First, large areas can become 
suitable for brief periods resulting in low densities of shorebirds spread over vast regions. 
Second, certain wetlands can suddenly exhibit enormous increases in food availability, most 
commonly as water levels draw down and conditions reach a temporary optimum (Taylor 
2003), occasionally resulting in temporarily extremely high densities of shorebirds 
(Kingsford & Porter, 1993; Kingsford et al., 1999). Understanding when and where these 
events occur could be crucial for predicting how the conservation status of species dependent 
on these pulses in habitat availability might change in the future. For example, human activity 
is dampening both the magnitude and duration of pulses in temporary wetland availability 
(Finlayson et al., 2013), and climate change is expected to further change pulse dynamics in 
the future (Coumou and Rahmstorf 2012). 
The first step in understanding the importance and implications of major resource 
pulses across the arid zone of Australia is to map the changing distributions of the species 
reliant on those pulses both in space and time. Species distribution models based on well-
developed methods (Elith et al., 2008; Franklin, 2009) have successfully predicted the 
abundance of waterbirds in Africa’s inner Niger delta (Cappelle et al., 2010). These models 
are steadily increasing in their utility for understanding ecological dynamics in Australia’s 
interior (Reside et al., 2010; Bateman et al., 2012; Runge et al., 2015). Here, we use 
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shorebirds as a case study to shed light on potential impacts and mitigation strategies for 
changing wetland availability by attempting to identify the dynamics of wetland-associated 
shorebirds in Australia across space and time. We explore the dynamics of modelled 
abundance of shorebirds at wetlands over large spatial scales and across a long time span. 
While we rely on well-established validation methods to determine the performance of these 
models, we also evaluate negative correlation between our inland predicted abundance and 
coastal count data, as migratory shorebird monitoring data suggest that some coastal birds 
move inland after rain events, and return as inland wetlands dry out (Alcorn et al., 1994; 
Loyn et al. 2014). 
4.3 Materials and Methods 
4.3.1 Bird Data  
We collated all the available Australian shorebird data from different sources between 
1981 and 2013 into one comprehensive spatially explicit database which included aerial 
survey data, Atlas of Australian Birds data (Atlas), and a variety of inland shorebird records 
(Table 4.1).  To ensure that the more numerous coastal data did not drive our results, and to 
keep coastal counts independent from highly dynamic non-coastal sites, data were excluded 
from the analysis if their location fell within one kilometer of coastal habitat. Data were also 
excluded for locations within 100 meters of sewerage works or saltworks because the 
environmental variables used for modelling were not representative of conditions at these 
types of artificial wetlands.  
This study focuses on the only 12 shorebird species known to use inland wetlands and 
with sufficient data (> 2000 records) for modelling, comprising: six non-migratory species 
that breed in Australia - Black-fronted Dotterel (Elseyornis melanops), Black-winged Stilt 
(Himantopus himantopus), Masked Lapwing (Vanellus miles), Red-capped Plover 
(Charadrius ruficapillus), Red-necked Avocet (Recurvirostra novaehollandiae), and Red-
kneed Dotterel (Erythrogonys cinctus) - and six migratory species that visit Australia in the 
non-breeding season after breeding in the northern hemisphere - Curlew Sandpiper (Calidris 
ferruginea), Common Greenshank (Tringa nebularia), Latham’s Snipe (Gallinago 
hardwickii), Marsh Sandpiper (Tringa stagnatilis), Red-necked Stint (Calidris ruficollis), and 
Sharp-tailed Sandpiper (Calidris acuminata).  
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Data from the Eastern Australian Waterbird survey (EAWS) included species counts 
for large and conspicuous shorebird species such as Black-winged Stilt, Masked Lapwing and 
Red-necked Avocet, and for a group of species classified as ‘small shorebirds’, which 
included shorebirds that could not be identified to species level from aerial surveys 
(Kingsford et al., 1999; Kingsford & Porter, 2009). Most analyses were done at the species 
level, but a ‘small shorebird’ dataset was also analysed by combining the EAWS  small 
shorebird data  with aggregated totals of shorebirds classified as small from other datasets. A 
list of the species included within the ‘small shorebird’ group is available in Appendix 1 of 
Supplementary material.  
If a species was not recorded in a given Atlas survey list, it was considered absent and 
coded as a zero; while species recorded as present were coded as a one. Data were aggregated 
into 0.1 degree grid cells, equivalent to the average size of a typical monitored shorebird area 
(Clemens et al., 2014), and the maximum value (0 or 1) was taken for each grid cell for each 
month of each year from 1981 to 2013. Abundance data were less frequently reported (Table 
S4.1) and consisted of the maximum counts taken for each grid cell for each month of each 
year. This step eliminated the considerable duplication of records between data sources. In 
two cases, the Coorong and Lake Eyre, wetlands were considerably larger than the grid cell 
resolution used for this analysis, so total abundance was divided across the grid cells of the 
areas surveyed.  
 
4.3.2 Environmental Predictors  
A set of 19 predictor variables was used for modelling species’ distribution. These 
variables were plausibly related to the availability of water (Jones et al., 2009; Raupach et al., 
2009; Fan et al., 2013) in flat open wetlands free of tall vegetation with suitable substrate to 
support benthic invertebrates (Table 4.2). Six of these variables - rainfall, temperature, 
relative humidity, stream flow and upper or lower soil moisture - were summarized by 
averaging over temporal periods of one month and at spatial resolutions of 0.1 degrees. 
Previous studies reported time lags between water availability and bird response (Chambers 
& Loyn, 2006), so we adjusted three additional variables related to stream flow and surface 
wetness to account for these potential time lags (Table 4.2 and Supplementary material in 
Appendix C). Wetland connectivity has also been shown to be an important predictor for  
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Table 4.1 Data sources, number of summer records and references for collated bird 
data used for the modelling of water-dependent birds in Australia. 
 
Source # entries references 
old (1977 – 1981) and new 
(1998 – present) Atlas of 
Australian Birds 
nearly 1.5 
million 
(Blakers et al., 1984; Barrett et al., 2003) 
   
targeted shorebird survey 
records 
over 
85,000 
(Clemens et al., 2012b; Clemens et al., 2014) 
   
Eastern Australian 
Waterbird Survey (EAWS), 
6,191 (Kingsford & Porter, 2009)   
   
National Waterbird Survey 
(small shorebird records) 
777 (Kingsford et al., 2011) 
   
eBird (selected shorebird 
records) 
15,484 (Sullivan et al., 2009) 
   
ATLAS of Living Australia 41,217 (ALA, 2013) 
   
variety of published counts 
in inland areas 
176 (Badman & May, 1983; Lane, 1984; Lane, 1987; 
Halse, 1990; Jaensch & Vervest, 1990; Jaensch, 
2004; Hassell, 2005; Hassell et al., 2005; 
Bennelongia, 2007; Reid et al., 2010; Paton & 
Bailey, 2012). 
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Table 4.2 Environmental predictors used to generate models of shorebird both presence/absence and abundance across the inland areas of 
Australia. 
 
Variable Description Source Spatial Resolution Temporal Resolution 
Elevation from DEM Geoscience Australia 9 second none - created 2008 
Soil Bulk Density A Horizon predictions from other soil mapping ABARES 0.001 degrees none -   data to 2000 
Ground water level simulated from available global water depth data (Fan et al. 2013, Science) 30 second none - data to 2008 
Soil moisture variation Standard deviation of lower soil moisture data CSIRO AWAP  5km none - STDV 1980 - 2013 
Area of Tree Cover Grouped tree classes summed by area Geosience Australia Land Cover  250m none - data to 2008 
Wetland edge length, flat, treeless  Derived from inundated wetland layer, DEM, & LandCover Geoscience Australia 250m none 
Wetland edge neighbourhood 
length  As above summed in 210x210 km neighbourhood Geoscience Australia 250m none 
Area of fresh water Classified inundated wetlands as fresh based on other sources Geoscience Australia 250m none 
Area of salt lake Classified inundated wetlands as saline based on other sources Geoscience Australia 250m none 
Rainfall Rainfall, cumulative daily rainfall interpolated spatially BOM 2.5km daily 
Temperature average daily temperature as measured, interpolated spatially BOM 2.5 km daily 
Relative humidity relative humidity measured at 3 pm, interpolated spatially BOM 10km daily 
NDVI  (Normalized Difference Vegetation Index) NOAA AVHRR 5km monthly averages 
Upper soil moisture modelled predicted upper soil moisture / surface moisture CSIRO AWAP 5km monthly averages 
Lower soil moisture modelled predicted lower soil moisture / sub-surface moisture CSIRO AWAP 5km monthly averages 
two year upper soil moisture lag cumulative moisture of last 2 years subtracted from previous 2 years derived from CSIRO AWAP 5km monthly averages 
one year soil moisture lag cumulative moisture of last year subtracted from previous year derived from CSIRO AWAP 5km monthly averages 
Estimated river flow coarse interpolation of flow data from gauging stations derived from BOM data point locations daily 
cumulative flow over two years summed over previous two years, from above interpolation derived from BOM data point locations daily 
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 migratory shorebirds (Farmer & Parent, 1997). We therefore included a wetland variable where the 
amount of flat treeless wetland edge was summed across 2.1 degree neighbourhoods around each 
focal grid cell. Additional information regarding these variables is available in Supplementary 
material in Appendix C. 
 
4.3.3 Shorebird Distribution Modelling  
We developed boosted regression trees (BRT) models using the function gbm.step from the 
dismo package (Elith et al., 2008; Hijmans et al., 2011) in R version 3.2.3 (R Development Core 
Team, 2015). The function gbm.step fits a BRT model using cross-validation to estimate the 
optimal number of trees (Elith et al., 2008). Our first BRT model was used to generate a probability 
of species’ presence for all grid cells across Australia. That probability was then compared to the 
actual presence-absence data to identify optimal thresholds for reclassifying probabilities into 
presence-absences. Metrics of predictive performance to identify these thresholds were calculated in 
R and included: confusion matrices, percent of presences-absences correctly classified, sensitivity, 
specificity, and Kappa (Liu et al., 2005; Freeman & Moisen, 2008b; Freeman & Moisen, 2008a). 
Maximizing Kappa performed best for all models. Once thresholds were identified, all zeros in the 
abundance data, that had predicted presence probabilities under the identified threshold for 
presence, were removed. The remaining abundance data were then modelled with a second BRT to 
generate predictions of abundance for each grid cell. The predicted results from the first model were 
then multiplied by the predicted results from the second model (Barry & Welsh, 2002; Cappelle et 
al., 2010) to yield our estimated abundance which was plotted as monthly maps of Australia for 
visual inspection. 
Predicted abundance within each grid cell was summed across the continent for each set of 
monthly predictions. The annual predicted abundance was taken by averaging monthly predicted 
abundance across the months from November through March for each summer between 1981 and 
2013.  This annual predicted annual abundance was log-transformed and used in simple linear 
regression against year. Medians of summed continental predictions by month in October, January, 
and March were also calculated to generate seasonal abundance estimates for migratory species in 
spring, summer and autumn respectively. The selected months were most representative of times 
when birds are still migrating south (October), are settled and moving around the landscape least 
(January), or are migrating north (March). Annual predictions of shorebird abundance over the last 
ten years (Table S4.5) were also used for generating total population size estimates for Australia 
(Hansen et al., 2016).  
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4.3.4 Model validation and evaluation on independent dataset 
For the validation of the presence-absence models, we used the explained deviance and the 
Area Under the Curve (AUC) of a Receiver Operating Characteristic (ROC) plot (Fielding & Bell, 
1997). Models for data grouped as ‘small shorebirds’ were also evaluated using two independent 
datasets: the first comprising 3000 records randomly withheld from the initial calibration datasets 
and kept aside; the second comprising a completely independent set of 777 records of small 
shorebird abundance originating from a national aerial survey of wetlands conducted in October and 
November 2008 (Kingsford et al., 2011). Hereafter we refer to these two datasets as the evaluation 
dataset and the national aerial survey dataset respectively. Pearson’s correlation coefficient r and the 
coefficient of determination from simple linear regression were used to compare predicted model 
abundances to observed abundances for all datasets, and these comparisons were also made at the 
scale of watershed catchments to identify regional differences in model performance. 
Further evaluations were performed for migratory species. First, the total population 
estimates made for inland migratory species were subject to expert review during the compilation of 
revised shorebird population estimates for the East-Asian Australasian Flyway (Hansen et al., 
2016). Second, we tested for a negative correlation between the average change in abundance at 
coastal sites each year and the average annual national abundance predicted at inland areas using a 
Pearson’s correlation test for Sharp-tailed Sandpiper, Red-necked Stint, Common Greenshank and 
Curlew Sandpiper.  We also investigated whether more of the variation in coastal abundance could 
be explained if we also included the following variables with our estimates of predicted inland 
abundance in a multiple regression model: both spring (September – November) and annual 
cumulative continental river flow volume, cumulative flow volume over the previous two years, the 
average maximum spring (September – November) temperature, both the difference in average 
continental flow volume and upper soil moisture from the current two years compared to the two 
years prior.  
We compared the trends in annual predicted abundance with available trends reported for 
primarily coastal areas (Clemens et al., 2016), and from systematic aerial surveys in eastern 
Australia (Nebel et al., 2008). Finally, means and coefficients of variation were also computed for 
each grid cell for all predicted values in the time series. Additional details on modelling and 
evaluation methods are available in Appendix C. 
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4.4 Results 
4.4.1 Model predictions 
The presence-absence models showed excellent model performance, with AUC values 
ranging from 0.88 for Masked Lapwing to 0.98 for Curlew Sandpiper. Models also proved to be 
stable with mean cross-validation AUC values ranging from 0.83 to 0.96 (Table S4.2). When 
probabilities of presence were classified into presence-absence by setting a threshold that 
maximized Kappa, correctly classified presences ranged from 33% to 66%, while correctly 
classified absences ranged from 84% to 99% (Table S4.2). A comparison of predictions with the 
independent evaluation data on small shorebirds indicated average accuracy of the predictions of 
presence of 87%, ranging from 79% to 95%across catchments (Fig. 4.1). However, comparison of 
the predictions with the national aerial survey dataset varied greatly, with prediction of presences 
accuracy ranging from 0 to 85% across catchment, and only 57% of presences correctly predicted 
overall (Fig. 4.1). Generally, the best predictors of presence-absence were elevation, the length of 
flat-treeless wetland edge in the grid-cell and its neighbourhood, NDVI and soil moisture variation 
(Table 4.3). 
The correlations between predicted and observed abundance varied by species from 0.42 to 
0.98 and fell sharply in cross-validation in all species but Red-necked Stint, indicating most 
abundance models grossly overfit the available data (Table S4.2). This was exemplified for 
predictions of small shorebird abundance, where model evaluation indicated a 0.97 correlation 
between predicted and actual abundance in the training dataset, but only 0.59 in the evaluation 
dataset. Given this large difference, it was not surprising that the model explained only moderate 
variance in the evaluation dataset (R2 = 0.62), and was a poor predictor of the national aerial survey 
data (R2 = 0.29). The most informative variables included the length of flat-treeless wetland edge, 
temperature, monthly river flow and elevation (Table 4.3). However, the relative importance of 
variables varied considerably among species and between the presence-absence and abundance 
modelling; for example, area of salt lake was the least important in predicting presence-absence for 
most species, but the most important for predicting Red-capped Plover abundance.   
4.4.2 Environmental variables pick up long-term trends and continental distribution patterns  
Despite results indicating fine-scale temporal and spatial abundance predictions were not 
highly accurate, long-term trends (1981-2013) in continental annual predicted abundance were 
similar to trends reported from other sources (Table 4.4). Five species identified as declining in 
previous studies using different count data (Nebel et al., 2008; Clemens et al., 2016) also decreased 
significantly in our national abundance predictions (Curlew Sandpiper, Common Greenshank,   
101 
 
Figure 4.1 Assessment of model predictions for small shorebird presence by Australian 
catchment. Average percent across the catchment of presences correctly predicted by the 
model on the independent evaluation dataset and the national aerial survey dataset 
(Kingsford et al., 2011). 
Sharp-tailed Sandpiper, Red-necked Stint and Red-necked Avocet), while a further four species 
shown to be declining in previous studies also declined in our study albeit non-significantly (Table 
4.4). Red-capped Plover significantly declined in our study, but only non-significantly in analyses 
of primarily coastal data (Clemens et al., 2016). Finally, Masked Lapwing was previously identified 
as declining in eastern Australia (Nebel et al., 2008), but was slightly increasing in the present 
study. 
The interspecific differences in the average predicted abundance and distribution pattern 
were broadly consistent with existing knowledge of the distribution of these species across 
Australia. Three primarily coastal species that seek out interior wetlands opportunistically 
(Common Greenshank, Curlew Sandpiper and Red-necked Stint) had the greatest predicted 
abundance at or near the coast, despite exclusion of coastal counts from training data (Fig. 4.2). 
Sharp-tailed Sandpiper also showed a more coastal distribution, consistent with expectations, but 
with a broader distribution across the interior of Australia, where large numbers may be expected 
(Fig. 4.2). The distribution of Sharp-tailed Sandpiper also indicated higher expected variation (Fig. 
3) than mean abundance (Fig. 4.2), consistent with it being a highly mobile shorebird. Further, 
Sharp-tailed Sandpiper and Curlew Sandpiper had relatively high variation in predictions over time 
(Fig. S4.3 & Table S4.3), while the Black-winged Stilt, had less temporal variation in predicted 
abundance (Fig. S4.3 & Table S4.3). The interspecific temporal variation in predicted shorebird 
Catchment 
number
% evaluation data
presences correct 
(n)
% aerial
presences 
correct (n)
1 0.94   (48) 0.85   (33)
2 0.95   (125) 0.38   (8)
3 0.82   (1215) 0.35   (17)
4 0.88    (314) 0.39   (14)
5 0.9      (7) 0.47   (15)
6 0.79    (39) 0.43   (16)
8 0.95    (157) 0         (2)
9 0.85     (377) 0.46   (14)
10 0.91     (402) 0.15   (21)
11 0.86     (215) 0.4      (5)
12 0.87     (65) 0.74    (100)
13 0.83     (73) -
total 0.87     (127) 0.57    (245)
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abundance indicated that particular species such as Sharp-tailed Sandpiper experience far greater 
declines in  
Table 4.3 The relative importance of independent variables in models to predict shorebird 
presence-absence, and abundance.  Relative influence = the average from models for 12 
species of a scaled measure that includes the number of times a variable was selected for 
splitting weighted by the average model improvement at each split (Elith et al., 2008). Best 
rank = the best rank for each variable from models for 12 species, the 19 variables were 
ranked from most important 1 to least important 19 based on relative influence scores. 
 presence / absence abundance 
variable relative influence 
best 
rank 
relative 
influence 
best 
rank 
Elevation 20.1 1 9.5 1 
Wetland edge length, flat, treeless  13.2 1 12.5 1 
Soil moisture variation 6.2 1 1.4 5 
Wetland edge neighbourhood length  8.2 3 3.5 2 
NDVI  6.6 3 6.2 3 
Temperature 3.7 3 10.9 1 
Area of Tree Cover 4.1 4 5.1 2 
Area of fresh water 3.1 4 1.2 7 
Ground water level 4.7 5 2.1 5 
Soil Bulk Density 4.5 5 2.3 2 
cumulative flow over two years 4.4 5 5.2 1 
Relative humidity 3.5 5 4.6 4 
Rainfall 2.7 5 3.8 3 
two year upper soil moisture lag 3.1 6 4.3 1 
Upper soil moisture 3.3 8 4.1 2 
Estimated river flow 3.0 10 10.5 1 
one year soil moisture lag 2.4 10 2.0 9 
Lower soil moisture 2.4 14 4.3 3 
Area of salt lake 0.6 19 6.5 1 
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Table 4.4 Population trends based on predicted annual abundance of all shorebirds over 
1981-2013 inland Australia (1 km away from the coast), compared to reported trends from 
count data. 
 
  
species slope % slope se t-val p-val R2 1983 - 20061 annual2 
       total change % change 
Sharp-tailed Sandpiper -15943 -1.77* 0.63 -2.79 0.009 0.21 - -5.73* 
Curlew Sandpiper -1732 -1.46* 0.46 -3.16 0.004 0.26 - -9.53* 
Common Greenshank -168 -1.29* 0.44 -2.91 0.007 0.23 - -1.98* 
Black-fronted Dotterel -178 -1.23 0.69 -1.79 0.084 0.1 - -2.48* 
Red-necked Avocet -3062 -1.06* 0.36 -2.98 0.006 0.22 -85%* -2.87* 
Red-capped Plover -364 -0.97* 0.39 -2.51 0.018 0.17 - -0.67 
Red-necked Stint -2217 -0.92* 0.3 -3.13 0.004 0.25 - -3.35* 
Red-kneed Dotterel -25 -0.4 0.86 -0.46 0.649 0.01 - -2.1* 
Black-winged Stilt -3355 -0.37 0.19 -1.97 0.058 0.11 -80%* -1.81* 
small shorebirds -11405 -0.37 0.23 -1.58 0.125 0.12 -73%* - 
Marsh Sandpiper  -16 -0.36 1 -0.36 0.721 0 - -0.90 
Latham's Snipe** 1 0.25 0.13 1.96 0.06 0.11 - - 
Masked Lapwing 283 0.38 0.43 0.88 0.387 0.03 -69%* - 
1 from (Nebel et al. 2008); 2 from (Clemens et al 2016); * significant decline reported; ** trend in number of 
predicted presences 
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Figure 4.2 Average (n=201) predicted abundance from monthly predictions from October 
to March 1981 - 2013 ; darker = greater abundance;  A) Sharp-tailed Sandpiper; B) Red-
necked Stint; C) Common Greenshank; D) Curlew Sandpiper; E) Red-necked Avocet; F) 
Black-winged Stilt. 
 
A.
F.E.
D.C.
B.
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Figure 4.3 Coefficient of variation of predicted abundance for each month from October to 
March 1981- October 2013; darker = greater variation (n=201);  A) Sharp-tailed 
Sandpiper; B) Red-necked Stint; C) Common Greenshank; D) Curlew Sandpiper; E) Red-
necked Avocet; F) Black-winged Stilt. 
  
A.
F.E.
D.C.
B.
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 Figure 4.4 Predicted abundance of: A & B) Sharp-tailed Sandpiper C & D) Black-winged 
Stilt, in the periods A & C) December 1988 and B & D) February 2000. 
 
available inland wetland habitat across the Australian continent, than species such as Black-winged 
Stilt (Fig. 4). 
While this temporal variation in abundance was evident throughout the year, there were 
seasonal patterns in average abundance for three of the four migratory species that move from 
coastal habitats to inland habitats when conditions are suitable. The predicted abundances for both 
Curlew Sandpiper and Sharp-tailed Sandpiper were significantly lower in autumn (during 
northward migration) compared to spring (during southward migration), and also compared to 
summer for the Sharp-tailed Sandpiper (Table S4.4). In contrast, predicted summer abundance of 
Common Greenshank was significantly higher than similarly sized spring and autumn abundances 
(Table S4.4). Red-necked Stint also showed the lowest seasonal estimate in autumn, but differences 
were non-significant.   
Our predictions of abundance across Australia’s interior did not explain much of the 
variation in coastal count abundance of the four species tested (Table S4.3). The key exception was 
Sharp-tailed Sandpiper, for which predicted abundance was significantly negatively associated with 
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changes in coastal abundance (Table 4.5), and the best model explained over 30% of the variation in 
coastal abundance (F4,26 = 4.45, adjusted R2 = 0.32, p = 0.007). Predicted inland abundance was not 
the best predictor for either Red-necked Stint or Common Greenshank coastal abundance (Table 
4.5), but models with continental scale predictors did explain over 30% (F4,26 = 4.81, adjusted R2 = 
0.34, p = 0.005) and over 15% (F2,28 = 4.07, adjusted R2 = 0.17, p = 0.028) of the variation in 
coastal abundance respectively. None of these variables explained coastal variation in Curlew 
Sandpiper abundance. 
 
Table 4.5 Description of multiple linear regression models predicting changes in average 
coastal abundance in 154 shorebird areas using predicted inland abundance and other 
inland predictors. 
 
  Predicted changes in average Sharp-tailed Sandpiper coastal abundance 
     Overall model: F4,26 = 4.45, adjusted R2 = 0.32, p = 0.007 
Coefficients estimate se t-val p-val 
Intercept     Not significant 
  Predicted inland abundance -86.48 32.22 -2.684 0.013 
Cumulative spring flow Australia 113.96 37.03 3.078 0.005 
Cumulative annual  flow -93.53 36.75 -2.545 0.017 
Difference in flow this 2yrs -50.91 33.44 -1.523 0.139 
  to previous 2 yrs         
  Predicted changes in average Red-necked Stint coastal abundance 
     Overall model: F4,26=4.807,  Adjusted R2 = 0.34, p = 0.005 
 Coefficients estimate se t-val p-val 
Intercept     Not significant 
  Cumulative annual  flow -79.41 58.45 -1.36 0.186 
Cumulative spring flow Australia 144.08 68.40 2.11 0.045 
Average maximum spring temperature 99.35 56.25 1.77 0.089 
Cumulative flow over previous 2 yrs 163.78 57.37 2.86 0.008 
  Predicted changes in average Common Greenshank coastal abundance 
     Overall model:  F2,28 = 4.07, Adjusted R2 = 0.17, p = 0.028 
Coefficients estimate se t-val p-val 
Intercept     Not significant 
  Difference in upper soil moisture  -11.38 3.99 -2.85 0.008 
  this 2yrs to previous 2 yrs 
    Cumulative flow over previous 2 yrs 8.93 3.99 2.24 0.033 
 
For Curlew Sandpiper no variables were significantly related to coastal abundance 
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4.5 Discussion 
We characterized the length, magnitude and periodicity of pulses in shorebird abundance, 
using predictive modelling within one of the most dynamic wetland regions in the world (Puckridge 
et al., 1998). Our model results suggested that available data were insufficient to capture the 
dynamics of pulses in resource availability in a way that could confidently guide on-ground 
management of declining shorebird populations. Explicit efforts to guide management will remain 
limited to areas with more comprehensive data such as the Murray-Darling Basin (Bino et al., 
2015). While similar modelling approaches have yielded good results in the Inner Niger Delta 
(Cappelle et al., 2010), that study area was about 150 times smaller than inland Australia, and 
systematic data were collected over a much less heterogeneous landscape. Further, many studies 
stress the considerable difficulties in predicting wildlife abundances across heterogeneous 
landscapes (Brand et al., 2006; Elith et al., 2010), especially when sampling is not representative of 
the entire area (Araújo & Guisan, 2006), when methods of data collection vary (Franklin, 2009), 
when other factors which may relate to distributions such as predation (Cresswell, 1994; Van Den 
Hout et al., 2008) or mechanisms of self-organisation (Folmer et al., 2010) are not included, and 
importantly for migratory species when factors impacting birds outside the study area are not 
considered (Faaborg et al., 2010).   
Despite the under-performance of our models at fine-scale spatial and temporal resolution, 
trends in annual abundance estimates were consistent with previously reported declines when our 
predictions were summed across the continent and averaged annually (Nebel et al., 2008; Clemens 
et al., 2016). This suggests that the interaction of coarse environmental variables can reflect 
population trends measured in other ways, and that we can begin to make inferences about 
population trends across remote interior Australia using modelling approaches. Decreases in 
populations of five species were also consistent with previous reports suggesting that wetland loss, 
over-extraction and regulation of water from waterways in Australia’s interior were responsible for 
decreasing shorebird populations (Kingsford et al., 2004; Kingsford & Thomas, 2004; Nebel et al., 
2008) and that Australia’s inland wetlands, especially within the Murray-Darling Basin, have been 
in decline (Finlayson et al., 2013; Bino et al., 2016). Differences between our results and trends 
previously reported are likely due to differences in sampling. The largest difference in trends 
between sources was found for the Masked Lapwing, where we observed a non-significant increase 
in abundance, while aerial surveys showed a decline (Nebel et al. 2008). Masked Lapwing, 
however, are often a terrestrial species found in grasslands or suburban areas far from wetlands and 
would therefore not be well-captured in aerial wetland surveys. Consequently, this discrepancy in 
results may have simply reflected a shift of Masked Lapwing from inland wetlands where they were 
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monitored with aerial survey to these other habitats which have been monitored during a variety of 
ground surveys. Similarly, our finding of declines in Red-capped Plover may be a reflection of 
deteriorating conditions across Australia’s interior which are not widespread in coastal areas where 
monitoring data indicated no significant declines (Clemens et al., 2016). Overall, our results support 
a growing consensus about rapid national declines for the migratory Curlew Sandpiper, Sharp-tailed 
Sandpiper, Red-necked Stint and Common Greenshank as well as the non-migratory Red-necked 
Avocet. 
Our models provided predictions that largely agreed with previous reports of shorebird 
spatial distribution across the continent (Kingsford & Porter, 1993; Marchant & Higgins, 1993; 
Alcorn et al., 1994; Higgins & Davies, 1996), and markedly improved estimates of abundance 
(Hansen et al., 2016) and its variability at broad spatial and temporal scales. Our averaged results 
performed better than results from individual months, indicating that temporally explicit weather 
variables yielded better distribution models than those based on climatic variables as previously 
shown by Reside et al. (2010). While predictions within individual months were not highly 
accurate, our result indicated some species experience far greater declines in predicted inland 
abundance than other species, similar to other parts of the world (Runge et al., 2015). 
Modelled abundances at inland wetlands were not highly negatively correlated with the 
changes in abundance at coastal areas (Table S4.3), and indeed our models might not adequately 
capture annual variation in abundance. In Sharp-tailed Sandpiper, however, modelled predictions 
accounted for a significant portion of the variation in coastal count data when cumulative 
continental variation in river flow volumes were included, consistent with previous work showing a 
shift in waterbird abundances in response to a hierarchy of spatial factors (Roshier et al., 2002; 
McEvoy et al., 2015), including large scale variability (Roshier et al., 2002; Kingsford et al., 2010; 
Padgham, 2011; McEvoy et al., 2015). Changes in the average abundance of Red-necked Stint and 
Common Greenshank at the Australian coast were significantly related to flow variables, summed 
across the continent and averaged annually as well as other continental scale variables, but were not 
related to our inland abundance predictions. Environmental data used to generate these models may 
have captured some of the large scale drivers of movement of birds from the coast, but our 
understanding of such complexities remains rudimentary. 
The majority of the available counts for small shorebirds across inland Australia were very 
low with 50% of counts with less than 8 individual birds, and 90% with less than 467. This suggests 
a large proportion of the total population of some species may occur in low densities rather than in 
large congregations (Clemens et al., 2010). This has important conservation implications, because 
the importance of a site for shorebirds in Australia is currently determined by the number of 
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individuals occurring at the site (Commonwealth of Australia, 2016). Our findings highlight a 
significant concern that large proportions of the populations of some species such as Red-necked 
Stint or Sharp-tailed Sandpiper may occur on previously unrecognised habitats that are temporally 
dynamic, and it seems likely that as variability in wetland availability becomes further dampened 
(Kingsford, 2000; Finlayson et al., 2013), cryptic population losses could occur. Improved 
modelling could provide some insight and attempt to track such losses. 
Several lessons for estimating abundance across vast, heterogeneous and temporally 
dynamic landscapes emerge from our modelling. First, commonly used metrics such AUC, and 
within sample cross-validation, suggested the presence-absence models performed extremely well. 
However, independent evaluation indicated much lower predictive performance, which also varied 
regionally. Such findings are not uncommon when evaluating species distribution models with truly 
independent data and can arise due to unrepresentative sampling or issues with spatial and temporal 
bias (Franklin, 2009; Bean et al., 2012; Hijmans, 2012); in such cases over-optimism of AUC as a 
metric has increasingly been reported (Austin, 2007; Lobo et al., 2008). Our results constitute yet 
another example of the paramount importance of having a spatially and temporally representative 
dataset to calibrate the model, a completely independent and unbiased dataset for evaluation, and 
expert examination of spatial predictions in order to properly assess models. Secondly, future model 
improvements should focus on finding better predictors which might capture local interspecific 
habitat differences, i.e. variables more closely tied to the availability of shallow water, water depth, 
wet mud and wetland invertebrate densities. Recent work that has tracked temporal variation in 
flooding of complex environments for the Macquarie Marshes in New South Wales, would 
represent a large improvement if applied over larger areas (Thomas et al., 2011; Thomas et al., 
2015). For migratory shorebirds, abundance models would also benefit from the inclusion of 
predictors that reflect conditions outside Australia and have an influence on their demography, and 
models for all shorebirds would benefit from including other factors related to distributions such as 
predation. Thirdly, the lack of geographically representative sampling in the shorebird abundance 
data is widely documented (Clemens et al., 2012), and the steps needed to address these issues are 
increasingly understood (Tulloch et al., 2013). Model performance would definitely be greatly 
improved by intensifying the sampling of shorebirds in a geographically stratified fashion across 
wetland types.  
Model predictions currently remain too uncertain to guide management of water resources 
for shorebirds at fine temporal and spatial scales. However, our study gives some insights at ways 
managers could trial efforts to apply water in the landscape to benefit shorebirds, although such 
efforts could realistically only be implemented in regulated river systems. Our results indicate that 
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migratory shorebirds use inland Australia most during spring and summer, so timing of watering in 
early to mid-spring might increase chances of successful outcomes. For non-migratory shorebirds 
we believe it would be beneficial if steps are taken to ensure that wetlands persist long enough to 
complete a breeding cycle. Our models indicate that there are periods when the available habitat at a 
continental scale contracts sharply for some species. This suggests that temporary management 
actions such as filling artificial wetlands may have greater benefits at these times when water is 
scarce, but further work is needed to make precise management recommendations regarding when 
and where to apply water, as well as the optimal depth and duration of watering. While such 
management would require an exploratory approach within an adaptive management framework, 
declining shorebird populations coupled with expected continued changes to Australian wetlands 
due to climate change (Finlayson et al., 2013) indicate that management strategies should be 
implemented without delay to conserve shorebird populations across Australia’s inland habitats.   
4.6 Acknowledgements 
This work was possible because of the availability of vast datasets. For the bird data we 
would like to thank: the Australasian Wader Studies Group, BirdLife Australia and their Atlas of 
Australian Birds program (Birdata, available at http://www.birdata.com.au/homecontent.do), as well 
as their Shorebirds 2020 program (http://birdlife.org.au/projects/shorebirds-2020), the Eastern 
Australian Waterbird Survey, the Queensland Wader Study Group, The Cornell Lab of 
Ornithology’s eBird,  the Hunter Bird Observers Club, Monitoring Yellow Sea Migrants in 
Australia,  and Wetlands International. For the data on environmental variables we thank the 
agencies who went to great lengths to make quality data easily available including: the BOM, 
NOAA, CSIRO, and Geoscience Australia. Financial support for this project was provided by 
Australian Research Council Linkage grant LP150101059 and a Future Fellowship to R.A.F. We 
would also like to acknowledge the support given to R.S.C. through the Stuart Leslie Bird Research 
Award and BirdLife Australia. 
  
112 
5 What influence does inland wetland condition have on the abundance and 
apparent survival of migratory shorebirds? 
Clemens, R. S.1, Rogers, D. I.2, Minton, C. D. T.3, Rogers, K. G.4, Hansen, B. D.5, Choi, C. Y.1, and 
Fuller, R.A.1 
1School of Biological Sciences, University of Queensland, St Lucia, Qld 4072, Australia. 
2Arthur Rylah Institute for Environmental Research, PO Box 137, Heidelberg, Vic. 3084,     
Australia. 
3Victorian Wader Study Group, 165 Dalgetty Rd., Beaumaris, VIC 3193, Australia. 
4340 Ninks Road, St Andrews, Vic. 3761, Australia. 
5Centre for eResearch and Digital Innovation, Federation University Australia, PO Box 663, 
Ballarat, Vic. 3353, Australia. 
5.1 Abstract  
It has been shown repeatedly that in declining migratory populations, stressors to fitness are 
often experienced throughout their range.  For migratory shorebirds using the East Asian–
Australasian Flyway the loss of staging habitats in East Asia is such a large problem that it is 
perceived to be overwhelming threats faced within other regions. Three species of migratory 
shorebird, Curlew Sandpiper (Calidris ferruginea), Sharp-tailed Sandpiper (C. acuminata), and 
Red-necked Stint (C. ruficollis) use Australia’s dynamic temporary wetland systems 
opportunistically, yet these large wetland systems have become increasingly degraded with reduced 
frequency and extent of flooding. Here we test whether variables related to wetland availability in 
Australia’s interior explain variation in apparent survival, abundance or juvenile ratios at three 
coastal sites in southern Australia. We observed that inland conditions do explain modest amounts 
of annual variation in coastal abundance, as has been shown in previous studies of coastal 
waterbirds, and is also often related to the annual ratio of juveniles found at any site. Additionally, 
we discovered that a small but significant amount of variation in apparent survival of Curlew 
Sandpiper  and to a lesser degree Sharp-tailed Sandpiper and Red-necked Stint can be explained by 
inland conditions. Previous work has reported Australian rates of population decline were greatest 
in Curlew Sandpiper. We therefore suggest that Curlew Sandpiper had stronger relationships 
between inland wetland conditions and apparent survival due to an interaction of impacts where the 
costs and benefits to fitness experienced while in Australia have been more acutely felt by a species 
experiencing larger impacts in other parts of its range. While results are preliminary, they do 
indicate that management of inland wetlands for these shorebirds may positively impact 
demographic rates of these sharply declining species. 
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5.2 Introduction  
Habitat loss is the most frequently implicated cause of population declines (Burton et al. 
2006; Moores et al. 2008; Sanderson et al. 2006), yet the evidence of the impact of habitat loss on 
either individuals or populations of migratory species that move widely throughout the landscape, 
can be hard to establish (Carlisle et al. 2009; Kuznetsova et al. 2014). For example, migratory 
shorebirds travelling through the East Asian–Australasian Flyway are in rapid decline, and there is 
an urgent need to identify causes of the declines and management actions to reverse these declines 
(Amano et al. 2010; Clemens et al. 2016; Wilson et al. 2011). Thus far, these declines have been 
attributed to the rapid loss of intertidal habitat in the Yellow Sea region of East Asia (Murray et al. 
2014), with the rate of decline on Australasian non-breeding grounds being highest in those species 
most reliant on Yellow Sea staging areas (Studds et al. in press). Similarly, the apparent survival of 
Red Knot Calidris rufa, Great Knot C. tenuirostris and Bar-tailed Godwit Limosa lapponica was 
lowest during migratory journeys that passed through the Yellow Sea (Piersma et al. 2015). 
However, shorebirds also face threats in both the arctic breeding areas and the southern non-
breeding areas (Pearce-Higgins et al. 2017; Wauchope et al. 2017). Indeed, changing arctic 
conditions have been linked to reduced survival in the non-breeding season of Red Knot breeding in 
western Siberia (van Gils et al. 2016), and climatically suitable breeding conditions for arctic-
breeding shorebirds are predicted to decline rapidly in the next few decades (Wauchope et al. 
2016). In non-breeding areas declines in shorebird numbers in eastern Australia have been 
attributed to over-extraction of water (Nebel et al. 2008), and modelling has indicated the potential 
impacts of Australian habitat degradation on Ruddy Turnstone survival (Aharon-Rotman et al. 
2016). For migratory shorebirds which facultatively use temporary wetlands across the vast inland 
of Australia during the non-breeding season, it is possible that changing wetland dynamics are also 
impacting migratory shorebirds (Clemens et al. In prep).  
Australia’s interior is uniquely characterised by vast floodplains and wetlands with 
enormous fluctuations in water availability over time and space (Kingsford and Norman 2002; 
Roshier et al. 2001). These ephemeral wetland systems are especially threatened due to river 
regulation which has markedly reduced flood frequency and extent in many regions (Bino et al. 
2016; Finlayson et al. 2013; Kingsford 2000). Three species of migratory shorebird; Curlew 
Sandpiper Calidris ferruginea, Sharp-tailed Sandpiper C. acuminata and Red-necked Stint C. 
ruficollis frequent Australia’s inland wetlands when conditions are suitable. These species move 
from coastal habitats to inland habitats in response to heavy rains, and return to coastal areas as 
inland wetlands dry (Alcorn et al. 1994; Loyn et al. 2014). These movements suggest variable 
suitability at inland wetland habitats and include observations of shorebirds stopping at inland 
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wetlands on their way to southern coastal sites in some years (Alcorn et al. 1994). However, the 
benefit of these movement patterns is unclear: birds may gain greater condition when foraging at 
inland wetlands during wet years; they may reduce the need to travel on to coastal areas; they may 
reduce competition experienced at the coast; or they may escape coastal predation pressure. 
Regardless of the benefit of these movements, degradation of these inland wetlands might adversely 
affect survival and abundance of shorebirds observed at coastal sites.  
Evidence is mounting that both recruitment and mortality can be impacted by conditions at 
non-breeding areas for long-distance migrants (Alves et al. 2013; Marra and Holmes 2001; Norris 
et al. 2004). For example, in migratory American Redstarts, reproductive success in North America 
was related to the condition of non-breeding habitat in South America (Norris et al. 2004). In non-
breeding Common Redshanks Tringa totanus in the United Kingdom showed reduced weight and a 
44% increase in mortality after being displaced by the destruction of intertidal habitat used by the 
birds in winter (Burton et al. 2006). In West Africa, population declines in wintering Common 
Redstarts Phoenicurus phoenicurus are thought to be driven by a combination of drought conditions 
in the Sahel and deforestation in West Africa (Zwarts et al. 2009), while large pulses in the 
recruitment of Sedge Warblers Acrocepahlus schoenobaenus correspond to years following 
extensive flooding in the Sahel. Sedge warblers tend to migrate each year from West Africa 
regardless of local conditions, or diminished likelihood of surviving the trip, suggesting potentially 
large impacts of non-breeding habitat condition on survival and reproduction (Zwarts et al. 2009).  
Migratory shorebirds experience different energetic costs and gains in different non-
breeding habitats often due to temperature and food availability (Colwell 2010; Piersma and 
Lindstrom 2004) which have increasingly been related to survival rates and breeding success in the 
following year (Aharon-Rotman et al. 2016; Alves et al. 2013; Baker et al. 2004; McGowan et al. 
2011). Studies have generally focused on the impacts of variation in habitat quality in areas that 
tend to be used regularly, but inland Australia is unusual in that up to 20% of a species population 
can occur at one lake in only one of thirty years (Kingsford and Norman 2002). The rarity of such 
events makes it difficult to predict the consequences of large scale fluctuations in environmental 
suitability over time, which may vary in magnitude, frequency or duration.  
Recent predictions of the temporal changes in the distributions of 12 shorebird species 
across the whole of Australia proved to be inaccurate outside the sampled areas, and at fine spatial 
and temporal scales (Clemens et al. In prep). However, that study identified long-term decreasing 
abundance in six shorebird species, and highlighted large scale interspecific differences in variation 
in habitat suitability over time. The analyses also revealed that predicted Sharp-tailed Sandpiper 
abundance across Australia’s interior explained a small but significant proportion of variation in 
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Australian coastal abundance of Sharp-tailed Sandpiper. While continental-scale variation in 
cumulative river flows, surface wetness or average temperature explained coastal abundance 
variation for both Sharp-tailed Sandpiper and Red-necked Stint. Here we investigate how changing 
environmental conditions within Australia’s non-coastal areas, arguably the region of Australian 
shorebird habitat experiencing the greatest degradation, may be impacting migratory shorebirds. 
More specifically, we explore whether changing conditions across Australia’s interior such as those 
identified above are correlated with (i) total abundance, (ii) juvenile ratios (an index of reproductive 
success) and (iii) survival in non-breeding Curlew Sandpipers, Sharp-tailed Sandpipers, and Red-
necked Stints at three major southern Australian coastal sites.    
5.3 Methods 
5.3.1 Study area 
The Werribee-Avalon study area is 30km west of Melbourne, Victoria. It is dominated by 
the Western Treatment Plant (WTP), an active sewage treatment plant where shorebirds forage in 
natural intertidal habitats fringing Port Phillip Bay (Rogers et al. 2013) and in nearby freshwater 
wetlands (converted sewage ponds) that are managed for shorebirds (Rogers and Hulzebosch 2014). 
Previously, shorebirds of the WTP made occasional movements into adjacent sites at Avalon 
Saltfield and Pt. Wilson (Rogers et al. 2013), so shorebird counts from the three sites are carried out 
concurrently, allowing the data to be pooled as "Werribee-Avalon".  The wide variety of habitat 
types within the Werribee-Avalon area has historically supported over 1% of the flyway population 
of eight migratory shorebird species. The Werribee-Avalon area forms part of the larger Port Phillip 
Bay (Western Shoreline) and Bellarine Peninsula Ramsar Site (Herrod 2010).    
Corner Inlet is a large (600km2) estuarine area with approximately 270km2 of intertidal area 
which is 200km southeast of Melbourne. The inlet is formed by extensive fringing mangrove and 
saltmarsh plus four large coastal barrier islands, and contains 65 islands throughout. Most of the 
area is designated as a Ramsar site which regularly supports over 29,000 shorebirds. 
Western Port is a large tidal embayment (680 km2 in area) 65 km south-east of Melbourne, 
and contains two large islands, French and Phillip, plus numerous small islets. It is characterised by 
extensive intertidal mudflats with substantial cover of seagrass and highly diverse fringing 
saltmarsh habitat accompanied in many locations by mangrove Avicennia marina (Hansen et al. 
2015). The majority of the embayment is designated as a Ramsar site. 
The three shorebird areas considered in this paper are discrete. The Western Port monitoring 
sites are 80+ km east of Werribee-Avalon, and 100+ km west of Corner Inlet; the sites are separated 
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by large areas that are unsuitable for shorebirds, and movements of banded shorebirds between the 
three areas rarely occur (Herrod 2010).  
5.3.2 Bird Data  
Shorebird count data have been collected by volunteers throughout Australia for over three 
decades, and the data are now administered by BirdLife Australia’s Shorebirds 2020 Program 
(Wilson 2001; Oldland et al. 2008). These data were recently collated and vetted as part of a 
national analysis of shorebird population trends (Clemens et al. 2016; Studds et al. in press). Only 
three migratory shorebird species that regularly move between the coast and inland areas had 
sufficient data, and records of these were selected for analysis from the Werribee-Avalon area, 
Western Port and Corner Inlet. Data from counts included annual surveys generally conducted 
within two hours of high tide during the peak of the summer non-breeding period from November 
to February. The team that counted birds at the Western Treatment Plant had full access to all the 
open habitats, which facilitated counting. Therefore, the variation reflected in the counts is assumed 
to represent a relatively accurate assessment of the birds found there each year. Similarly, the 
counts at Corner Inlet were thought to accurately reflect the actual number of birds with counts 
conducted by the same personnel using the same methodology for the entire time series.  Counts at 
Western Port were also thought to be accurate, but the number of roost sites within Western Port 
varied between nine and 14 in any year, so the average number of birds counted per roost, per year 
was used to represent abundance.  
Shorebird mark-recapture data were collected by the Victorian Wader Study Group by 
cannon-netting birds to obtain morphometric, age and recapture data (Minton 2006). Each captured 
bird was fitted with a metal band inscribed with a unique number, and (after 1992) with a plastic 
orange leg ‘flag’ (Minton 2006). Metal bands were read when birds were recaptured during 
subsequent cannon-netting. Individual capture histories were pooled annually, with individuals 
captured or recaptured between August and July of the following year noted as having been 
captured at least once in that year. This time frame was selected because most shorebirds arrive in 
Australia from the breeding grounds after July each year (Rogers et al. 1996).  
For each of the three species at each of the three sites for each summer (December to 
February) the estimated ratio of birds in their first year of life (juveniles) was derived by taking the 
number of first year birds captured divided by the number of adult birds captured (Rogers et al. 
2004). Age can be reliably estimated throughout the year for each of these species based on 
plumage and moult characteristics (Higgins and Davies 1996), but this assumes that age ratios were 
the same in catches as in non-captured birds. This represents the best available measure of juvenile 
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ratios at these sites, but data were insufficient to estimate ratios for Sharp-tailed Sandpiper at Corner 
Inlet.  
 
5.3.3 Environmental Data 
Five variables were selected to capture the highly dynamic inland wetland conditions 
thought to be associated with the costs and benefits to fitness in these three shorebird species (Table 
5.1). Each of these five variables was summarised annually at either a continental scale or within 
500km of the study area, resulting in a total set of ten annual environmental variables. The variable 
of annual predicted abundance of each of these three shorebird species was derived by averaging 
cumulative monthly predictions made at 0.1 degree resolution which were summed at either the 
regional or continental scale (Clemens et al. In prep). Ideally, these would have been the only 
variables we needed, but predictions were not sufficiently accurate (Clemens et al. In prep). 
Therefore additional variables related to dynamic water availability and suitable temperature ranges 
were selected based on previous work (Clemens et al. In prep). A variable representing the change 
in the amount of water in the landscape was derived from the stream flow data collected by the 
Bureau of Meteorology (BOM) at 3500 Australian locations. Inland flow volumes have been shown 
to be significantly related to coastal waterbird abundance previously (Chambers and Loyn 2006). 
The standardised maximum monthly averages of daily maximum flow in cubic metres per second 
were used as values in a 0.1 degree grid. Missing grid values within each month were filled using 
simple spatial interpolation with thin plate splines applied to each monthly grid (Hijmans 2014). 
Variables related to surface wetness (Raupach et al. 2009) reflect the availability of foraging habitat 
in the form of wet mud or shallow water. National surface wetness in the spring was intended to 
represent the amount of favourable habitat encountered during southward migration, while regional 
annual surface wetness was expected to influence whether birds remain at the coast after arriving 
there. The cumulative upper soil moisture over the latest two years was also subtracted from the 
cumulative soil moisture over the two years prior to that period, creating a variable reflecting 
longer-term changes in soil moisture intended to reflect the increase in habitat quality for shorebirds 
as wetland water levels recede (Rehfisch 1994; Sanders 2000). Temperature has also recently been 
shown to be related to the different distributions of male and female migratory shorebirds in 
Australia (Nebel et al. 2013).  Here we used both spring inland temperatures averaged at a 
continental scale and annual non-breeding season regional temperatures. 
Continental or regional totals were drawn from grid data of the five variables with a 0.1 
degree resolution within the Geocentric Datum of Australia (GDA 1994) coordinate system. The 
reference grid which data was processed to fit was developed from existing grids of averaged  
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Table 5.1 Environmental predictors used to represent inland wetland conditions, summed for the whole of Australia and within 500km of the 
study area. 
Variable Description     Source             Spatial                 Resolution 
Temporal  
               Resolution 
     
Predicted abundance modelled predicted abundance of individuals occupying areas >1km from coast (see previous chapter)         (Clemens et al. in prep)          0.1 degree     monthly 
     
Estimated river flow coarse interpolation of flow data from gauging stations  https://data.gov.au/dataset/water-data-online         derived from BOM data    point locations      daily 
     
Upper soil moisture modelled predicted upper soil moisture / surface moisture http://www.csiro.au/awap/   CSIRO AWAP               5km           monthly averages 
     
two year upper soil      
moisture lag cumulative moisture of last 2 years subtracted from previous 2 years      derived from CSIRO AWAP               5km           monthly averages 
     
Temperature 
average daily temperature as measured, interpolated spatially 
http://www.bom.gov.au/climate/averages/climatology/gridded-data-
info/gridded-climate-data.shtml 
      BOM             2.5 km    daily 
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estimated daily temperatures (Jones et al. 2009) which were aggregated by averaging a 0.05 
degree grid to a 0.1 degree resolution, and then averaged again into monthly time slices 
(Clemens et al. In prep). The monthly values in these grids were then summed, or in the case 
of temperature, averaged across one of the two spatial scales (continental or regional) and 
were then averaged annually during the nonbreeding period for migratory shorebirds 
(October to March), or averaged annually across spring (August – October). All variables 
were processed using python in ArcGIS (ESRI 2011), and the raster package in R (Hijmans 
2014). 
 
5.3.4 Annual Survival Estimates  
Estimates of annual apparent survival were made for each of the three species using a 
Bayesian analysis to fit a Cormack-Jolly-Seber model with a state-space likelihood reliant on 
Markov chain Monte Carlo (MCMC) methods for computation (Gimenez et al. 2007; Kéry 
and Schaub 2012; McCarthy and Masters 2005; Royle 2008). This implementation of a 
Cormack-Jolly-Seber model uses one model for the latent state process, and a second model 
for the observations which are conditional on the state process (Royle 2008): 
Uit ≡ logit(pit) = at + αi 
and 
Vit ≡ logit(φit) = bt + β i 
where: 
pit is the probability of recapture for individual i for year t 
and 
φit is the probability of survival of individual i over the interval (t, t + 1), 
at and bt are the fixed yearly effects, and 
αi and βi are latent individual effects assumed to be mean zero random effects 
with variances σ2p and σ2φ, respectively. 
 
Priors on the inverse logit of the annual fixed effects were assumed to be uniform 
between zero and one.  
Models were fitted using WINBUGS (Lunn et al. 2000) with the R2WinBUGS 
package (Sturtz et al. 2005) in R (R Development Core Team 2015). Model parameters were 
estimated from three chains thinned by 6 of 10,000 Monte Carlo iterations with the initial 
5,000 discarded as ‘burn-in’. Convergence was assessed visually using trace plots and all 
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simulated chains stabilised at similar values. Credible intervals of 95% were calculated for 
each parameter estimate. Data were insufficient to estimate apparent survival for Sharp-tailed 
Sandpiper at Corner Inlet. 
The following assumptions were made in these models: 1) marked birds were a 
random and representative sample of birds visiting each of the three sites each year, 2) 
marking was accurate with no loss of bands, no misread bands, and no data entry errors, 3) 
the fate of individual birds was independent, and 4) each individual had the same survival and 
recapture probability within each year.  
5.3.5 Statistical relationship between inland wetland conditions and shorebirds  
Multi-variate linear regression was used to determine if a significant amount of the 
variation in shorebird counts, apparent shorebird survival or the estimated number of 
juveniles could be explained by variables related to inland wetland conditions in that year, or 
in the previous year. All analyses were conducted using the MASS package in R (R 
Development Core Team 2015) where both forward and backward stepwise variable 
selection is based on the (AIC) Akaike information criterion (Venables and Ripley 2002). All 
annual variables were analysed over the period when migratory shorebirds are visiting, not 
the calendar year. For reporting and analyses purposes each summer is reported as the second 
calendar year in a summer; i.e. the summer of 1987/88 was reported as 1988. While longer 
time series were available for some variables, analyses were restricted to the years as defined 
above from 1982 to 2011. If there were missing values in some years, that row was simply 
ignored in regressions. Results were assessed using residual plots to test assumptions, and 
log-transformations were used on the dependent variable to rectify residual plots where 
needed (Table 2). Variance inflation factors were used to test for multicollinearity. 
Autocorrelation functions and residual plots in R were also used to inspect for autocorrelation 
in the residuals. Multicollinearity and autocorrelation were not issues in the variables tested. 
5.4 Results  
Count data from the sites for each of the species showed considerable variation across 
years, with standard deviations ranging from 30 to 95% of the mean. Variation in annual 
juvenile proportion estimates was also high, with standard deviations often exceeding the 
mean and with individual values occasionally being five times greater than the mean value. 
Survival from the previous year was estimable between 1982 and 2011, but estimates were 
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not precise. For example, at the Western Treatment Plant the average width of 95% credible 
intervals for Curlew Sandpiper were 0.24, 0.58 for Red-necked Stint, and 0.71 for Sharp-
tailed Sandpiper, with considerable variation in those widths from year to year (Table S5.1). 
Annual apparent survival estimates were not highly correlated between sites or species (r< 
0.49, mean r =0.17). Low recapture probability was the probable cause of low precision in 
survival estimates. At the Western Treatment Plant, for example, average capture 
probabilities were only 0.098 +/- 0.009SD for Curlew Sandpiper, 0.062 +/- 0.028 for Red-
necked Stint, and 0.127 +/- 0.099 for Sharp-tailed Sandpiper (Table S5.1). Variation in 
predictor variables was also quite high, with standard deviations often greater than the mean.  
Univariate examinations of correlations between predictor variables and population 
parameters varied in scale and occasionally in the direction of the effect among all the 
variables. Generally, coastal counts decreased when inland conditions were wetter and cooler, 
while survival increased in these conditions. Juvenile ratios also tended to be higher when it 
was dry and hot. However, in multi-variate tests the performance of the 10 predictor variables 
was inconsistent for each species or population parameter (Table 5.2). These different 
variable combinations were viewed as indicators of inland wetland condition for different 
species and related to different parameters, but it is possible some of these variables also 
relate to the cues used by shorebirds to venture inland. In a couple of the multivariate 
comparisons, only regional variables were important, while in others only national scale 
variables were important.  For example, regressions of counts against inland condition in the 
previous year for Curlew Sandpiper at Corner Inlet resulted only regional variables selected 
in the best model, while similar comparisons for Red-necked Stint at Corner Inlet resulted in 
only one national variable being selected (Table 5.2). Most comparisons, however, contained 
both regional and national variables in the best model. 
In multi-variate tests, the annual number of each of the three species at the coast was 
significantly related to inland wetland conditions, with poorer inland conditions related to 
greater numbers at the coast, while fewer were at the coast when inland conditions were good 
(Table 5.2). This was true for all species at all sites except Red-necked Stint at Western Port 
(Table 5.2). Indeed, variables related to inland wetland conditions explained a fair proportion 
of the variation in annual shorebird counts in these species ranging from 19% for Red-necked 
Stint at the Western Treatment Plant to 64% for Curlew Sandpiper at Corner Inlet (Table 
5.2).  Inland wetland conditions in one year were also significantly related to the number of 
individuals counted the following year at all three sites for Curlew Sandpiper, at two sites for   
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Table 5.2 Multiple regression results predicting either annual apparent survival 
(Phi), annual abundance (count), or the annual estimated number of juveniles related 
to inland wetland condition in Australia for Curlew Sandpiper (CUSA), Red-necked 
Stint (RNST) or Sharp-tailed Sandpiper (STSA) at the Western Treatment Plant, 
Corner Inlet, or Western Port, Victoria. 
 
† = variable selected in best model 
* = variable selected in best model and significant p < 0.05 
(t) = log transformed dependent variable 
next year = inland conditions at year t compared to dependent variable measured at t +1 
Phi = estimated apparent survival 
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CUSA  count F7,22 = 7.04 0.59 0.0002 * † * † * † *
RNST  count F2,27 = 4.29 0.19 0.0241 * †
STSA  count F5,24 = 3.40 0.29 0.0184 * † † † *
CUSA  count next yr (t) F5,24 = 4.81 0.40 0.0035 † † * † *
RNST  count next yr (t) F2,27 = 2.15 0.07 0.1365 † †
STSA  count next yr F6,23 = 6.74 0.54 0.0003 † * * * * *
CUSA  Phi F3,26 = 5.50 0.32 0.0046 * * *
RNST  Phi F4,25 = 2.48 0.17 0.0701 † † † *
STSA  Phi F4,25 = 1.29 0.04 0.3020 † † † †
CUSA  Phi to next yr F6,22 = 3.28 0.33 0.0186 † † * † † *
RNST  Phi to next yr F3,25 = 1.94 0.09 0.1484 † * †
STSA  Phi to next yr F5,23 = 3.65 0.32 0.0141 † † * † †
CUSA Juv. ratio (t) F5,21 = 2.81 0.26 0.0426 † † † † †
RNST Juv. ratio F2,26 = 1.83 0.18 0.1812 † †
STSA Juv. ratio (t) F3,24 = 4.77 0.30 0.0096 † * †
CUSA Juv. ratio next yr (t) F5,21 = 6.20 0.50 0.0011 * † * † *
RNST Juv. ratio next yr (t) F3,25 = 2.60 0.15 0.0744 † * *
STSA Juv. ratio next yr (t) F5,22 = 3.80 0.34 0.0124 † * * † †
National variables regional variables (< 500km)
Western Treatment Plant
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Table 5.2 (continued) 
 
† = variable selected in best model 
* = variable selected in best model and significant p < 0.05 
(t) = log transformed dependent variable 
next year = inland conditions at year t compared to dependent variable measured at t +1 
Phi = estimated apparent survival 
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CUSA  count F6,23 = 9.61 0.64 0.0000 † † † * * *
RNST  count F4,25 = 5.27 0.37 0.0032 * † † †
STSA  count F2,27 = 5.58 0.24 0.0093 * *
CUSA  count next yr F3,25 = 6.35 0.36 0.0024 * * *
RNST  count next yr  (t) F1,27 = 8.11 0.20 0.0083 *
STSA  count next yr F4,24 = 5.26 0.33 0.0077 * * * *
CUSA  Phi F3,26 = 5.26 0.31 0.0057 * * *
RNST  Phi F2,27 = 3.46 0.15 0.0460 * *
STSA  Phi
CUSA  Phi to next yr F8,21 = 4.05 0.49 0.0027 † † † * * * † *
RNST  Phi to next yr F5,24 = 2.65 0.22 0.0484 * † † * †
STSA  Phi to next yr
CUSA Juv. ratio F1,12 = 4.87 0.23 0.0476 *
RNST Juv. ratio (t) F5,9 = 1.77 0.22 0.2153 * † † † †
STSA Juv. ratio
CUSA Juv. ratio next yr (t) F1,12 = 22.21 0.62 0.0005 *
RNST Juv. ratio next yr (t) F5,9 = 2.01 0.27 0.1705 † † * † †
STSA Juv. ratio next yr
CUSA  count F2,23 = 6.81 0.32 0.0048 * *
RNST  count
STSA  count (t) F3,22 = 5.24 0.34 0.0070 * * †
CUSA  count next yr F10,14 = 6.97 0.71 0.0006 † † † * * † † † * †
RNST  count next yr (t) F4,20 = 2.29 0.18 0.0958 † * † †
STSA  count next yr (t) F2,22 = 7.49 0.35 0.0033 * *
CUSA  Phi F1,28 = 3.03 0.07 0.0928 *
RNST  Phi F3,26 = 4.29 0.25 0.0139 * * *
STSA  Phi F2,27 = 2.37 0.09 0.1130 * †
CUSA  Phi to next yr F2,27 = 6.08 0.26 0.0066 * *
RNST  Phi to next yr F5,24 = 3.03 0.29 0.0197 † † * † *
STSA  Phi to next yr (t) F3,26 = 1.40 0.03 0.2805 † † †
CUSA Juv. ratio (t) F2,25 = 1.40 0.03 0.2648 † †
RNST Juv. ratio F6,22 = 3.03 0.30 0.0257 * † * † † †
STSA Juv. ratio
CUSA Juv. ratio next yr (t) F4,23 = 4.29 0.41 0.0027 † * * *
RNST Juv. ratio next yr (t) F2,26 = 3.32 0.14 0.0519 †  †
STSA Juv. ratio next yr (t) F1,18 = 7.32 0.25 0.0145 *
insufficient data
insufficient data
Western Port
no variables selected
assumptions not met 
National variables regional variables (< 500km)
Corner Inlet
insufficient data
insufficient data
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 Sharp-tailed Sandpiper and at one site for Red-necked Stint.  The amount of variation 
explained in counts the following year ranged from 20% for Red-necked Stint at Corner Inlet, 
to 71% for Curlew Sandpiper at Western Port (Table 5.2). 
The ratio of juveniles present at different sites was significantly related to inland 
conditions inconsistently. At two sites the juvenile ratio of Curlew Sandpiper related to inland 
conditions that year, while both Red-necked Stint and Sharp-tailed Sandpiper juvenile ratios 
were significant at one site. The variation explained in significant findings in these three 
species ranged from 23% to 30% (Table 5.2). When comparing juvenile ratios to wetland 
conditions the previous year the relationships were more consistent with significant findings 
evident for Curlew Sandpiper at all three sites, and Sharp-tailed Sandpiper at both the sites 
where sufficient data was available. The explained variation for these two species ranged 
from 25% to 62%, but findings were not significant at any of the three sites for Red-necked 
Stint (Table 5.2).   
Inland wetland conditions also explained significant amounts of variation in apparent 
survival, with lower survival when inland areas were dry and hot, and higher survival when 
the inland areas were wet and cool. Comparisons of apparent survival with inland conditions 
in the same year revealed significant results at two sites for both Curlew Sandpiper and Red-
necked Stint which explained between 15% and 32% of the variation (Table 5.2).  Results 
were not significant for Sharp-tailed Sandpiper. When comparing apparent survival with 
inland conditions the previous year results were significant at all three sites for Curlew 
Sandpiper, at two sites for Red-necked Stint, and at one of two sites for Sharp-tailed 
Sandpiper with between 22% and 49% of the variation explained (Table 5.2).  
5.5 Discussion  
Identification of factors impacting wildlife populations is important to ensuring that 
conservation actions can be appropriately targeted to help declining populations to recover. 
Rapid declines in East Asian-Australasian migratory shorebirds are evident (Amano et al. 
2010; Clemens et al. 2016; Wilson et al. 2011), and one of the primary causes of these 
decreases is the loss of stop-over habitat (Clemens et al. 2016; Piersma et al. 2015; Studds et 
al. in press). However, migratory shorebirds face threats throughout their range, and our 
understanding of their ecology across the full annual cycle is limited. Our results indicate that 
conditions in Australia also impact migratory shorebird species that use both inland and 
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coastal wetlands, suggesting that improved wetland management in Australia could assist in 
the recovery of declining populations of some species. Our findings also serve as a reminder 
of the importance of conserving migratory species throughout their range.   
Overall, our findings should be viewed as preliminary, but correlations between 
inland wetland conditions and three variables; coastal shorebird abundance, juvenile ratios, 
and apparent survival, have potentially important implications to our understanding of 
shorebird ecology and conservation in Australia.  We explore some of the possible 
interpretations of these results below. It is also worth highlighting that small but significant 
amounts of variation were explained in these analyses, which indicates most of the variation 
in these parameters is due to other factors.  
Our finding that coastal shorebird abundance varied with inland conditions is similar 
to studies of other waterbirds known to move back and forth between coastal and inland areas 
as inland conditions change (Alcorn et al. 1994; Chambers and Loyn 2006; Wen et al. 2016). 
This suggests that like resident waterbirds (Wen et al. 2016), three non-breeding migratory 
shorebirds may be adapted to take advantage of the temporary expansions of suitable habitat 
found within Australia’s highly dynamic wetland systems. Our findings also suggest that the 
independent variables we used were sufficient to capture some of the movement to inland 
areas despite being different to those used in other studies (Chambers and Loyn 2006; Wen et 
al. 2016). The relationships observed between inland wetland conditions and abundance 
within the same year may relate to individual shorebirds choosing to use inland habitats in 
good years rather than moving onto coastal areas. Similarly, we observed that inland wetland 
conditions one year were related to abundance at coastal sites the following year, suggesting 
that when these birds find suitable inland habitats one year they are more likely to return to 
those habitats the following year. 
While some studies have shown that breeding success was related to conditions 
experienced on the non-breeding grounds in migratory birds (Norris et al. 2004) and possibly 
shorebirds (Aharon-Rotman et al. 2016), we found no support for the idea that breeding 
success in these three shorebird species was related to Australian inland wetland conditions. 
In our results, shorebird juvenile ratios showed significant relationships with inland 
conditions both in the previous year and the current year, with the proportion of juveniles 
lower at the coast when the interior was wet and cool. This suggests that juveniles mirror 
adult patterns, but larger proportions of juveniles stay away from the coast when the interior 
is suitable than adults. It was recently hypothesised that juvenile shorebirds, which tend to 
126 
conduct their first migration independent of adults, and therefore lack prior information on 
where to go, would be more flexible in their selection of non-breeding habitats (Cresswell 
2014). This may explain why in many of our results juveniles appeared to be more likely than 
adults to use inland wetlands when conditions were favourable. Adults on the other hand 
would be more likely to return to their selected non-breeding habitat regardless of inland 
conditions, and having a greater proportion of juveniles at inland sites in good years may 
explain how inland sites are chosen by birds that return to them year after year. It is 
noteworthy that substantial annual variation in the proportions of juveniles in southern 
Australia also occurs in coastal obligate species which do not use inland wetlands of 
Australia (e.g. Ruddy Turnstone, Bar-tailed Godwit), indicating that much of the annual 
variation that occurs in juvenile proportions must be due to factors outside inland Australia – 
most probably breeding success in the arctic (Aharon-Rotman et al. 2015; Minton et al. 
2005). Our results simply reflect that a small but significant portion of annual variation in 
juvenile proportions appears to relate to inland condition.  
This is the first study to show a correlation between Australian inland conditions and 
apparent survival in migratory shorebirds. The potential positive impact of inland wetland 
conditions on survival would be consistent with birds moving between coastal and inland 
areas, perhaps enabling individuals to seek out both spatial and temporal subsidies in resource 
availability, thereby allowing their populations to persist at higher levels than they would in 
the absence of such pulses (Holt 2008; Sears et al. 2004). Potential negative impacts of inland 
wetland conditions could be related to mortality associated with crossing a desert continent 
when conditions are especially hot and dry, which has been observed in migratory birds 
crossing the deserts of West Africa (Zwarts et al. 2009). Importantly, the degree to which the 
survival of these three species appears to be related to inland conditions is somewhat 
proportional to the rate at which they are decreasing nationally (Clemens et al. 2016). 
Curlew Sandpiper is the migratory shorebird showing the most rapid declines in 
Australia (Clemens et al. 2016; Studds et al. in press), and those declines are associated with 
the loss of staging habitat in east Asia (Studds et al. in press). Curlew Sandpiper was also the 
species that showed the strongest and most widespread significant association with apparent 
survival. Previous studies suggest Curlew Sandpiper cross the continent during southward 
migration (Clemens et al. In prep; Minton et al. 2006). We suggest the stronger significant 
correlations between apparent survival and wetland conditions that year relate to Curlew 
Sandpiper arriving in Australia in poor condition, and thus more sensitive to the dynamic 
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conditions encountered while crossing the continent to reach the Victorian coast. Similarly, 
correlations between apparent survival and inland conditions the previous year suggest that 
the costs and benefits of inland wetland condition encountered during the non-breeding 
season are increasingly related to their capacity to survive their northward migration, as 
predicted in non-breeding impacts on the coastal obligate Ruddy Turnstone in Australia 
(Aharon-Rotman et al. 2016). The association between Curlew Sandpiper survival and inland 
wetland conditions is of particular concern, given that its annual rate of decline in Australia 
has recently been estimated at -7.5% (Studds et al. in press) and it has been listed as 
Critically Endangered in Australia (www.environment.gov.au). 
Results from this study also indicate a correlation between Australian inland wetland 
conditions and apparent survival in both Sharp-tailed Sandpiper and Red-necked Stint, but 
these correlations were less consistently observed at all three sites. Assuming these 
differences between sites are not artefacts of the available data, there are two possible 
explanations for these differences. First, different conditions within each of the sites may be 
able to compensate for effects of inland condition on survival to varying degrees.  Second, it 
is possible that the network of inland wetland sites used by individuals from different coastal 
sites is sufficiently different to lead to different effects on survival.  
Sharp-tailed Sandpiper is much less reliant on east Asia’s disappearing intertidal 
habitats (Bamford et al. 2008) than Curlew Sandpiper, and is more common throughout 
various inland wetland habitats and thought to move around more widely. This difference in 
habitat preference may explain why Sharp-tailed Sandpiper apparent survival is not impacted 
by Australian inland wetland conditions during southward migration because it is not in 
poorer condition when arriving, and why conditions the previous year are only significant at 
one of the sites. Results do suggest that Sharp-tailed is less likely to survive northward 
migration from the Western Treatment Plant when Australian inland wetland conditions are 
poorer because birds are departing in inferior condition. Of the three species we studied, 
Sharp-tailed Sandpiper is perhaps the one most reliant on Australian inland wetlands 
(Bamford et al. 2008), yet their abundance has plummeted at many of these (BirdLife 
Australia, unpublished data) with, for example, tens of thousands fewer Sharp-tailed 
Sandpiper found at just the Coorong (Paton and Bailey 2012). If our explanations prove 
correct, this would suggest that conditions in Australia are more important than previously 
thought in Sharp-tailed Sandpiper declines. 
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Unlike Sharp-tailed Sandpiper, Red-necked Stint did show correlations between 
apparent survival and inland conditions in that year as well as the previous year, a finding 
which suggests impacts of inland condition are felt during southward migration as well as 
during the rest of the non-breeding season. However, these effects were not observed 
consistently between coastal sites. Red-necked Stint is far less reliant on the disappearing 
Yellow Sea intertidal habitats than Curlew Sandpiper (Studds et al. in press), and is less 
common at the disappearing wetlands of southern and eastern Australia than Sharp-tailed 
Sandpiper (Bamford et al. 2008), with the exception of the Coorong where tens of thousands 
appear to have gone missing (Paton and Bailey 2012). Previous work has also shown that 
Red-necked Stint distributions track rainfall far less closely than the other two species 
(Alcorn et al. 1994). It is therefore possible that Red-necked Stint are less flexible in their 
flight across Australia, resulting in stints from different coastal sites being more closely tied 
to the wetlands at different inland sites. Interestingly, juvenile Red-necked Stint showed the 
least correlation with inland conditions (only at one site within the same year), suggesting 
that young Red-necked Stint may be less inclined to use non-coastal habitats than adults. 
Given large amounts of variation and low precision in most variables used in these 
analyses our confidence in results would have been greater if there had been more 
consistency in the best predictor variables selected in each regression. However, a number of 
factors could explain the lack of uniform causes of variation in response variables other than 
those already mentioned. First, the variables we used here are coarse surrogates of wetland 
availability and condition. A recent review highlighted the lack of comprehensive national 
wetland mapping (Bino et al. 2016), and not surprisingly there is a similar lack of 
comprehensive monitoring of wetlands. As a result, we use surrogates that broadly relate to 
wetland suitability and availability, but which fail to predict shorebird abundance at 
continental scales (Clemens et al. In prep). While these surrogates will undoubtedly be 
correlated with some of the big changes in waterbird distributions (Alcorn et al. 1994; 
Chambers and Loyn 2006; Wen et al. 2016), they are not likely to reflect local scale changes 
in shorebird foraging habitat availability with any real precision. Second, there are 
interspecific differences in optimal wetland conditions among these three species, with each 
preferring different water depths (Rogers and Hulzebosch 2014), and species like Sharp-
tailed Sandpiper are more likely to occur in areas with short vegetation such as saltmarsh or 
sedges (Higgins and Davies 1996). Third, it is also likely that these three species employ 
different migration and movement strategies, which may help explain why records of tens of 
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thousands of individuals (of these species) at inland wetlands infrequently come from mixed 
species flocks (Barrett et al. 2003; Bertzeletos et al. 2012). It is also possible that individuals 
at each coastal site favour different networks of inland wetlands whose condition is more or 
less related to this set of independent variables. Finally, it is unclear to what degree these 
variables may capture the unknown cues waterbirds use to head inland. 
It would be useful to validate our results in other locations and to increase the 
precision of dependent variable estimates. Future validation work should focus first on 
survival estimates and their relationship with inland wetland conditions, as this is the first 
time a relationship has been reported. One of the assumptions made in these survival analyses 
was that each individual had the same survival and recapture probability within each year. 
However, we know this assumption was violated. Two of the most obvious ways in which 
this assumption was likely violated regards a change in probability of recapture after initial 
capture i.e. trap response, and individuals who left the site in some years. Both trap response 
and temporary emigration can bias annual apparent survival estimates (Fujiwara and Caswell 
2002; Kendall et al. 1997; Sandercock 2003; Schaub et al. 2004), but both are increasingly 
included in survival analyses. Trap response can be modelled within the framework we have 
used here (Kéry and Schaub 2012). Available data are not yet sufficient to account for both 
within and between season emigration as has been done in other examples, but it is possible 
that further work within an integrated population model framework which draws on 
additional population data could be used to estimate annual emigration  (Kéry and Schaub 
2012) which could then be used to inform a multi-state Bayesian model (Gilroy et al. 
2012).While open Cormack-Jolly-Seber models cannot distinguish between survival and 
permanent emigration, high site fidelity in these species suggests it is less problematic than 
for species with low site fidelity. For example, at three locations along Port Phillip Bay in 
Victoria, 98% of recaptures were from the same coastal area as previous captures (n= 9,710 
Red-necked Stint, n= 1,655 Curlew Sandpiper, and n = 221 Sharp-tailed Sandpiper) (Herrod 
2010). Similarly, while there is evidence through resighting of banded birds of regular 
movements during migration between north-west Australia and south-east Australia, there are 
few records indicating regional coastal movements during the non-breeding season (Minton 
et al. 2006). Further, the negative correlation evident in all species between apparent survival 
estimates and inland wetness variables such as stream flow and soil wetness is consistent with 
our expectations that survival is negatively impacted when the interior is hotter and drier.  
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Nevertheless, additional analyses that looked to incorporate trap response and temporary 
emigration are some of the steps that would validate these results.   
Our results indicate management of inland wetlands are important for declining 
shorebird populations, but further investigation will be required to make more prescriptive 
recommendations for management. Nevertheless, the results regarding inland conditions 
correlating with shorebird abundance are consistent with results from other studies of 
Australian waterbirds (Chambers and Loyn 2006; Wen et al. 2016), and it seems reasonable 
to expect some degree of demographic costs and benefits associated with Australian inland 
wetland conditions. We therefore conclude that there are potential benefits to these shorebirds 
from targeted wetland management, which has long been recognised as a way to help 
mitigate the impacts of wetland losses on waterbirds (Ma et al. 2010). Recent efforts toward 
wetland management in coastal or near coastal areas in South Australia’s Gulf of St. Vincent 
and near Victoria’s Port Phillip Bay may help mitigate disproportionate declines at some 
Australian sites (Clemens et al. 2016), notably the degradation of the Coorong wetland 
(Paton and Bailey 2012). However, our results suggest that efforts further afield could be 
productive, such as those being considered in the Murray-Darling Basin (Pittock and 
Finlayson 2011), or regionally within Victoria at inland wetlands such as those in the Lake 
Corangamite system or the Lake Tutchewop area.   
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6 Discussion & Conclusions 
6.1 Summary 
My thesis brought together the best available data from a variety of sources to provide a 
national assessment of how shorebird populations have changed in Australia, and further looked to 
identify factors in Australia which might have contributed to those declines. Such work is critical to 
ensure conservation actions are targeted effectively to guarantee population recovery. While the 
work conducted in this thesis was able to provide a national assessment for more shorebird 
populations than studied previously, work remains to determine precisely when and where 
conservation actions should be targeted. I did confirm that for migratory shorebirds the greatest 
impacts to their populations over the last 30 years appear to have happened outside Australia. 
Highly mobile non-migratory shorebirds were confirmed to be declining most at inland wetlands 
where water availability was viewed as a threat. While threats along Australia’s coast were not 
obviously driving declines in migratory shorebirds I did identify coastal areas in Australia where 
migratory shorebirds have reduced most, suggesting these areas may have contributed somewhat to 
the overall declines. Perhaps the newest discovery in this thesis was the finding that survival of two 
species of migratory shorebirds visiting southern Australia was correlated to inland wetland 
conditions. Together the results from this thesis indicated the actions which would generate the 
largest benefit to shorebirds in Australia would likely come from shorebird management at inland 
wetland habitats and coastal habitats where declines have been disproportionately large.  
Chapter 2 showed the benefit of organising much of the shorebird abundance data that has 
been collected into spatial units defined by the area used by a local population of shorebirds during 
the peak of the non-breeding season. These boundaries were often very different to some of the 
existing boundaries, or boundaries of contiguous wetland habitat, yet their identification was a 
critical first step in identifying statistically independent units to examine in later analyses. Further, I 
argue that management actions can be appropriately scaled to the population using the area when 
these boundaries are used. This kind of thinking has long been part of identifying boundaries of 
important wetlands (Ramsar Convention Secretariat, 2010), and the seasonal independence of 
populations during the non-breeding season has been looked at for other species (Loveridge & 
Macdonald, 2001), but this marks the most comprehensive application of such spatial boundaries 
for both planning and analysis. Therefore, chapter 2 delivered an analytical and management 
framework that can guide future studies and management actions. 
Research from chapter 3 resulted in a longer list of nationally declining shorebirds. Four 
resident species and 12 migratory species were decreasing nationally. Results further highlighted 
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how the largest causes of decline appear to be outside Australia for migrants, a finding consistent 
with other studies (Wilson et al., 2011b; Minton et al., 2012; Piersma et al., 2015; Studds et al., in 
press). Results also showed non-migratory shorebird populations have decreased most where 
inappropriate water levels are viewed as a threat, consistent with findings that wetland loss and 
degradation are driving declines in shorebirds of inland eastern Australia (Nebel et al., 2008). In 
migrants the interspecific differences in rates of decline along gradients of latitude and longitude 
suggested there remains a yet to be discovered cause of this variation. Such gradients have been 
documented previously, showing greater rates of decline at the edge of a species range (Lawton, 
1993). This pattern was also found in some species analysed here with some declines greatest in 
southern Australia, but other species were declining most in northern Australia. I suspect these 
different patterns of geographic decline among species relate to interspecific variation in migration 
patterns resulting in different threat levels being encountered while migrating. Regardless, declines 
were evident throughout Australia, and other recent work has indicated national declines in 
shorebirds are similar across the continent (Studds et al. in press). While we cannot rule out 
shorebirds redistributing themselves from Australia to other areas in the flyway which are not being 
monitored, there is no evidence to support this possibility. There is, however, growing evidence of 
shorebird decline throughout the East Asian-Australasian flyway (Amano et al., 2012; Moores et 
al., 2016). Aside from these broad geographic patterns, individual sites in Australia did show 
populations doing far better or worse than average. This highlights lessons yet to be learned on local 
factors driving such differences. Chapter 3 delivered a synthesis of how shorebird populations were 
fairing in Australia, and indicated some areas where conservation action might be targeted. 
The work in chapter 4 was intended to capture the frequency, duration, and magnitude of the 
variable pulses in wetland availability at continental scales. While the species distribution models 
developed over Australia in monthly intervals for over 30 years were not accurate enough to deliver 
much confidence that I was able to characterise temporal pulses in habitat suitability for shorebirds, 
long term trends in our predictions largely matched trends from other sources. This suggested that 
the interaction of coarse environmental variables can reflect population trends measured in other 
ways, and that one can begin to make inferences about population trends across remote interior 
Australia using modelling approaches such as those developed here. For shorebirds, these models 
helped improve our estimates of total population size, which has been the foundation on which 
abundance thresholds to identify important habitats have been based (DEH, 2006; Clemens et al., 
2010). Model predictions also indicated that over the decades some species experience periods of 
far greater contractions in suitable habitat than others, consistent with other recent work (Runge et 
al., 2015a). The modelling also indicated that even larger proportions of some species populations 
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occur in areas supporting less than the 1% population threshold than had been previously reported 
(Clemens et al., 2010). 
The work in chapter 5 identified the first evidence that the shifting of Australian waterbirds 
between coastal and inland habitats is related to annual apparent survival rates in three migratory 
shorebirds. The majority of variation in survival rates still lies elsewhere, but results did suggest 
that managing inland wetlands for shorebirds could have positive impacts on survival rates. In 
Curlew Sandpiper I suspect the costs and benefits of changing inland wetland conditions have 
become increasingly important as the stress associated with the loss of habitat in east Asia has 
grown. In Sharp-tailed Sandpiper, however, it is possible that the costs and benefits of dynamic 
inland wetland condition have become more important due to the loss of alternative inland wetland 
habitats for Sharp-tailed Sandpiper within Australia. Further work to determine if correlations 
identified with the Western Treatment Plant data are widespread would help determine the potential 
benefits of inland wetland shorebird management.  
Some of our results also highlighted a couple of additional findings related to movement 
patterns which have implications for Australian wetland management. First, the models from 
chapter 4 indicated that inland Australia has been used more by migrants during southward 
migration than during northward migration. This suggests that management actions taken in spring 
will likely have more benefits than any taken in autumn. Second, our results highlight the 
importance of wetland connectivity in some regions. Other studies have shown that connectivity of 
proximate wetlands can be important for staging migratory shorebirds (Farmer & Parent 1997). In 
this thesis I found in chapter 2 that some shorebird areas thought to be used by the same local 
population of nonbreeding shorebirds are large complexes of many wetlands. Similarly, in chapter 4 
I found a variable on amount of wetland edge within an area 20 times larger than the base resolution 
was significant, indicating wetland connectivity is important at regional scales in Australia. 
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Table 6.1 List of key findings within this thesis 
Key findings in this thesis Source 
The size of areas and number of wetlands used by local populations of 
non-breeding shorebirds varies widely.  Chapter 2 
Considering the boundary of non-breeding shorebird areas is important 
in management, site designation, and data aggregation. Chapter 2 
National population declines were found in four resident species and 12 
migratory species. Chapter 3 
National declines in migratory shorebird populations were not 
associated with threats at local wetlands, but were associated with 
latitude and longitude. Chapter 3 
Non-migratory shorebird populations have decreased most where 
inappropriate water levels are viewed as a threat. Chapter 3 
Greater declines at some local wetlands suggest local factors may be 
responsible for some local declines. Chapter 3 
Species distribution models (SDMs) were insufficient to capture fine 
scale spatial and temporal variation of shorebird abundance across 
Australia. Chapter 4 
SDM predictions did show declining shorebird abundance across 
Australia over three decades which was similar to other studies. Similar 
approaches could be used to model trends for species across Australia’s 
remote interior. Chapter 4 
SDM predictions averaged over time provided improved estimates of 
total population size. Chapter 4 
SDM predictions over time indicated that some species experience far 
greater contractions of suitable habitat than others. Chapter 4 
Relatively large proportions of some species populations occur outside 
areas with internationally significant numbers of birds, especially in 
some years. Chapter 4 
Annual apparent survival of three shorebird species at the coast was 
associated with inland wetland conditions, suggesting management of 
inland wetlands could have positive impacts on these declining 
migratory species. Chapter 5 
Inland wetland conditions interacting with overseas impacts may 
explain Curlew Sandpiper results, while Australian inland wetland 
degradation may be more important than previously thought in Sharp-
tailed Sandpiper declines. Chapter 5 
Abundance of these three shorebird species at the coast is lower when 
inland areas are wet and cool. Chapter 5 
The ratio of juveniles in these species at coastal sites is also lower when 
inland conditions are wet and cool, suggesting juveniles may be less 
likely to continue to the coast if inland conditions are suitable. Chapter 5 
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Table 6.2 List of recent key findings in the literature for shorebirds of the East Asian-
Australasian Flyway. 
 
Key findings in recent literature  
Rate of decline in Australian shorebirds is associated with how 
dependent they are on the Yellow Sea. 
(Studds et al., in 
press) 
Apparent survival is lowest during passage through the Yellow Sea in 
three shorebird species. 
(Piersma et al., 
2015) 
Loss of intertidal habitat throughout Yellow Sea region is large (>50%) 
and has been ongoing for decades.  
(Murray et al., 
2014) 
Changes in arctic temperatures are associated with shorter bills in Red 
Knot, which then have lower survival in the non-breeding season due to 
less access to prey. 
(van Gils et al., 
2016) 
The climatic niche of shorebirds breeding in the arctic is predicted to 
contract drastically under climate change scenarios. 
(Wauchope et al., 
2017) 
Degradation of non-breeding habitats in Australia have been modelled 
to have disproportionately large impacts on shorebird survival and 
reproduction  
(Aharon-Rotman 
et al., 2016) 
An overview of the impacts of intertidal habitat reclamation in China. (Ma et al., 2014) 
Documented the loss of shorebirds in South Korea due to a large tidal 
reclamation project. 
(Moores et al., 
2016) 
Highlighted the importance of the highly threatened habitats in Bohai 
Bay. 
(Rogers et al., 
2010) 
Highlighted the disproportionate importance of staging habitats due to 
greater numbers flowing through those small areas of the migratory 
network. 
(Iwamura et al., 
2013) 
Presented a method for prioritising efforts to limit coastal disturbance of 
shorebirds which could be practically rolled out more widely regardless 
of some uncertainties around the impacts of disturbance in different 
locations. 
(Dhanjal ‐ 
et al., 2016) 
 
 
6.2 Conserving highly mobile non-migratory shorebirds 
Resident shorebirds get much less attention by Australian shorebird researchers (Weston, 
2007). Despite programs that target threatened shorebirds such as Hooded Plover (Thinornis 
rubricollis), Beach Stone Curlew (Esacus magnirostris), and Plains Wanderer (Pedionomus 
torquatus) there are few studies on the charismatic non-migratory shorebirds reliant on inland 
wetlands such as Red-necked Avocet, Red-kneed Dotterel, or Black-fronted Dotterel. This paucity 
of information leaves us with no real understandings of the variety of factors limiting populations of 
most non-migratory shorebirds. In chapters 3 I showed that even within one of the least densely 
populated countries on the planet, the use and management of scarce water resources can have 
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continental scale impacts on the wildlife reliant on wetlands. Australia is unique in the scale at 
which wetlands come and go, with vast parts of the continent full of wetlands one year, only to 
return to near empty deserts in following years (Kingsford et al. 2010). West Africa is perhaps the 
only other place that experiences similar if far less dynamic changes in wetland availability over 
relatively short time scales (Zwarts et al. 2009). Previous work has highlighted how temporal 
variability in the availability of water is diminished at geographic scales (Roshier et al. 2001), but 
none-the-less the growing threats to Australian wetlands appear to be having continental scale 
impacts on some shorebirds. Fortunately, the government has committed to allocating water for the 
environment within the largest regulated wetland system in Australia, the Murray-Darling Basin 
(Bino et al., 2016). Ensuring shorebird populations are considered when managing water for the 
environment will likely help their populations recover, but much work remains to understand how 
to best manage pulses in wetland availability for shorebirds. Other regions such as SW Australia, 
parts of SE Australia outside the Murray-Darling Basin and Queensland would also likely be places 
where smaller positive actions could be taken to benefit shorebirds.   
6.3 Conserving migratory shorebirds 
As Piersma (2007) points out, people throughout the globe are conducting unintended 
massive scale experiments on the impacts of habitat loss and degradation on shorebird populations. 
Research has solidified our understanding that the conservation of the disappearing habitats in east 
Asia are where the most immediate action is needed to halt the decline of migratory shorebird 
populations (Murray et al., 2015; Piersma et al., 2015; Studds et al., in press). However, it is worth 
putting these results in the context of broader understandings of migratory shorebird population 
ecology so that the conservation implications of this thesis can be better highlighted.  
First, shorebirds have long shown characteristics that suggest population limitation occurs in 
the non-breeding season, and indeed population limitation is most likely occurring throughout the 
breeding and non-breeding ranges of migratory shorebirds (Newton, 1998; Newton, 2004; Colwell, 
2010). Migratory shorebirds at non-breeding sites exhibit some of the characteristics which suggest 
competition derived population limitation (Sherry & Holmes, 1996): 1) shorebirds are found at 
variable densities at non-breeding habitats which likely indicates variation in habitat quality 
(Bamford et al., 2008), 2) shorebirds at coastal areas show high site fidelity (Herrod, 2010), and 3) 
shorebird sexes are distributed non-randomly i.e. Grey Plover (Geering et al., 2007) and small 
shorebirds (Nebel et al., 2013). Populations of migratory shorebirds have also repeatedly been 
shown to be most sensitive to adult mortality (Hitchcock & GrattoTrevor, 1997; Boyd & Piersma, 
2001; Sandercock, 2003). Again existing theory supports the evidence that the huge losses of 
intertidal habitat at stopover sites in east Asia (Murray et al., 2014), have reduced survival rates in 
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shorebirds (Piersma et al., 2015) and interspecific rates of decline are related to the degree to which 
species are reliant on those disappearing habitats (Studds et al., in press). Evidence within this 
thesis indicates that broad-scale factors in Australia are not driving the variable rates of decline seen 
at different nonbreeding sites (Clemens et al., 2016). This might suggest that population regulation 
of migratory shorebirds in Australia has been swamped by reductions in habitat quantity and quality 
occurring at much faster rates at stop-over locations. However, results from this thesis do indicate 
evidence of a small but significant effect of conditions in Australia on shorebird survival. 
This suggests that conditions in Australia can amplify the likelihood of any individual 
shorebird surviving from one year to the next, possibly due to conditions in Australia interacting 
with factors overseas. Recent modelling suggests that failure to maintain good conditions for 
shorebirds at the non-breeding areas could have drastic impacts on survival and reproductive 
success (Aharon-Rotman et al., 2016). Such interactions between conditions in distant geographic 
areas impacting the same migratory species populations are increasingly being documented (Marra 
et al., 1998; Norris et al., 2004; Gunnarsson et al., 2005; Alves et al., 2013; van Gils et al., 2016). 
While the degree to which Australian conditions might either improve chances of survival or 
increase chances of mortality each year requires further study, moist-soil and water management 
can be applied at inland wetland habitats, and at coastal areas showing disproportionate declines 
immediately if a precautionary approach is taken to recovering shorebird populations. Fortunately, 
at one of the Australian areas showing disproportionately large declines, the Gulf of St. Vincent in 
South Australia (Clemens et al., 2016), efforts are underway to develop an international bird 
sanctuary where growing understandings of shorebird threats (Purnell et al., 2012) can be addressed 
directly within an adaptive management framework. Similarly, Melbourne Water has long been 
managing artificial wetlands specifically for shorebirds (Rogers & Hulzebosch, 2014). Similarly, at 
the Coorong, the Murray-Darling Basin plan is working to restore flows into this extremely 
degraded wetland which was once home to hundreds of thousands of shorebirds. The Hunter 
Estuary was also identified in this thesis as a place where shorebird population declines were 
disproportionately large, and steps could be taken to create wetland habitat, and test to determine if 
food supplies have become limited. These kinds of actions in addition to applying environmental 
water in places like the Murray-Darling Basin, northern Victoria, and southwestern Western 
Australia would likely help reduce the impact of ongoing loss of habitat in east Asia. Across 
Australia’s interior, there may also be a need to continue to consider landscape, or basin scale 
actions in addition to any specific actions at individual wetlands. The available data and our 
modelling suggest most shorebirds in Australia’s interior occur in small numbers, below both 
international and national thresholds for signalling a wetland as important for shorebirds. This 
suggests that large proportions of some shorebird species populations would be missed within areas 
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identified based on abundance criteria, and a landscape approach might be needed to compliment 
better recognised shorebird habitats. For example, growing the current reserve system to include 
17% (Aichi target; CBD, 2011) of wetland habitat would mark a commendable growth of current 
wetland reserves (Bino et al., 2016). 
Fortunately, many protections and frameworks are in place to limit further impacts to 
shorebirds in Australia (DEH, 2006), but taking management actions to improve existing wetlands 
currently would be driven by local site management or in the case of the Murray-Darling Basin, as 
part of the extensive planning happening regarding management of that drainage basin. Arguably an 
internationally agreed shorebird conservation target would guide how much action should be taken, 
with monitoring assessments to determine if conservation targets could be met. It has been pointed 
out that range-wide conservation of migratory birds is less likely than for other birds as only 9% of 
migratory species enjoy protection across all stages of their annual cycle (Runge et al., 2015b). For 
migratory shorebirds in the East-Asian Australasian flyway, however, it seems unlikely that 
protected areas would be adopted at many of the sites in close proximity to high levels of human 
activity, so better conservation outcomes may come out of targets of desired shorebird abundance. 
If for example the agreed international target for shorebird population conservation was restoring 
shorebird populations to levels greater than seen in the 1980’s, a flurry of activity would be required 
to attempt to reach such a target. Both monitoring and research would be required to guide further 
actions while assessing progress. 
I would therefore suggest that such targets be discussed in future meetings on the bilateral 
treaties surrounding waterbird conservation among countries in this flyway. Without such agreed 
targets it is hard to predict how many shorebirds will be conserved with current efforts, and there 
would seem to be a continuing risk that shorebirds suffer an eventual death from a thousand cuts 
(Milton & Harding, 2012). Recently, the well-known ecologist E. O. Wilson has called for bold 
conservation targets to ensure preservation of natural systems capable of supporting continued 
independent evolution of the earth’s biota free of the constraints of the Anthropocene, and which 
also looks to maximise biodiversity conservation in areas where human activity is present (Wilson, 
2016). For migratory shorebirds a similarly ambitious target would aim to conserve habitats and 
processes so that shorebird populations can be restored or maintained at pre-1980 levels. Such 
ambitious targets would drive a greater application of the precautionary principle when looking to 
minimise impacts to shorebirds, and drive innovative management solutions to some of the most 
pressing problems facing shorebirds. Admittedly, species like Eastern Curlew may have declined 
due to the loss of irreplaceable habitats, so it is possible that complete recovery of all populations is 
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not achievable. None-the-less those interested in conserving shorebirds can only achieve such 
targets if they are requested. 
Migratory shorebird conservation is looking much brighter than it might have been without 
protections and frameworks such as Ramsar, bilateral treaties, national legal protections such as 
Australia’s EPBC Act 1999, working groups, and partnerships among NGO’s. The awareness of the 
migratory shorebird conservation issue has grown markedly in the last ten years leading to more of 
these species being listed as threatened, an increase in the number of reserves throughout the 
flyway, and a growing understanding of the priorities that need to be addressed to ensure these birds 
do not slip toward extinction (Xia et al. in press; Conklin et al., 2014; Szabo et al., 2016). However, 
despite all these positive things, threats continue to mount and shorebird populations are continuing 
to fall. It is clear that conservation of shorebirds will require continued action to protect and restore 
inter-tidal flats of the yellow sea. Actions taken in Australia would likely also help somewhat. 
However, if the goal of shorebird conservation became to restore populations to pre-1980 levels, 
there would be a need to ensure much more stringent protections of all shorebird habitats, so that 
population recovery would not be limited by Australian conditions.   
For migratory shorebirds of the East-Asian Australasian Flyway, this thesis provides more 
evidence that the dominant cause of declines has been the loss of intertidal habitat in east Asia 
(Clemens et al., 2016). Recent work has also highlighted how changes in breeding success are 
unlikely the reason for shorebird declines in this flyway (Aharon-Rotman et al., 2015). This 
contrasts somewhat with findings that declines in migratory landbirds in the Americas are driven by 
a variety of interacting factors in the breeding, nonbreeding and stopover habitats used by the birds 
(Faaborg et al., 2010a; Faaborg et al., 2010b). However, this thesis uncovers for the first time, 
direct evidence that conditions in Australia are correlated with a small but significant portion of 
variation in shorebird survival. I suspect that for Curlew Sandpiper, the interaction of Australian 
inland wetland conditions and the increasing stress of decreasing stop-over habitats are driving this 
result. This result combined with recent modelling indicating that Ruddy Turnstone could be 
impacted most by reduced foraging rates in Australia (Aharon-Rotman et al., 2016) suggests that 
threats specific to individual shorebird areas could be interacting with the stresses from habitat loss 
in east Asia to further reduce populations. The most obvious location in Australia where 
disproportionate declines are likely accelerating declines in migratory shorebirds would be the 
140km long Coorong wetland (Paton & Bailey, 2012), where tens of thousands of shorebirds have 
disappeared since the 1980’s, but work in this thesis has now also identified a number of other 
shorebird areas in Australia where declines are disproportionately large (Clemens et al., 2016). 
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6.4 Limitations 
In chapter 2 I identified the boundaries around the area thought to be used by each local 
population of nonbreeding migratory shorebird. First, these boundaries may not match wetland 
boundaries used by local populations of non-migratory species. There are also likely migratory 
species that keep within smaller areas than those identified for all migratory species. For example, 
some of the wetland complexes here include multiple habitat types as large numbers of shorebirds 
regularly move between the habitats, but species like Ruddy Turnstone would likely only keep to a 
smaller sub-set of available coastal habitats in some of the complexes identified. So for some 
species, the shorebird area may be larger than the area they use. For other species, reported 
evidence indicates that 95+% of captured shorebirds return to the same habitat year after year 
(Herrod, 2010). However, some of these species leave coastal habitats for inland wetlands when 
conditions become suitable, and there is no understanding of how large those movements may be. 
Therefore, some of the identified shorebird areas do not include the entire area used during the peak 
of the nonbreeding season, and make little sense for the vast networks of ephemeral wetlands in the 
countries interior.   
The trends calculated in chapter 3 are based on the available data, and it is clear that 
reported rates of change might have been slightly different if there had been sampling that was 
equally representative of all shorebird habitats and regions. Our results show how trends were 
similar in the north, to the south, but there were differences, and those differences would have likely 
been greater had more data from the north of the country been available. The variable sampling 
from one shorebird area to the next also resulted in an inability to determine if data poor areas are 
clearly performing better or worse than the national average. For example, the time series at Lake 
Buloke was too short to identify it as a place where shorebirds are clearly doing worse than average, 
yet in the 1980s thousands of birds were recorded there, and it has now been dry for over a decade. 
The five years of data available simply did not capture that decline with confidence. Also, I have 
discussed how disproportionately large declines in shorebirds at a site indicate local threats may be 
to blame, however, at Corner Inlet where larger declines were observed, there is no known threat 
that might be responsible (Minton et al., 2012). It is possible that these declines are completely 
independent of local threats, indicating results here need to be viewed within the context of what is 
happening at the site, and ideally some other measure of shorebird condition such weight or 
foraging intake rate which would point toward local population limitation pressures. 
Our predicted shorebird distributions over time in chapter 4 proved overly ambitious given 
the lack of directly related predictors and unrepresentative or biased sampling in many areas. There 
is growing consensus that the machine learning approaches such as boosted regression trees provide 
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some of the best predictions (Elith et al., 2008; Franklin, 2009; Cappelle et al., 2010), but that 
performance will suffer when these kinds of data sets are used (Stockwell & Peterson, 2002; Lobo 
et al., 2008; Franklin, 2009). I, therefore caution against the acceptance of SDM results if 
completely independent data is not used for validation, especially when available data are less than 
ideal. Unfortunately, I was not able to characterise the dynamic suitability of the interior of 
Australia for shorebirds with temporal or spatial precision and there remains much to learn before 
the implications of human activities which have dampened the duration and extent of inland 
flooding events (Kingsford, 2000) on shorebirds can be understood.  
Additionally, in our boosted regression trees I used a complexity of seven because it 
improved our predictions and seemed reasonable given the likely complex interactions of variables 
I used to represent suitable wetland habitat. However, this complexity in potential interactions 
between predictors left little hope of being able to make informative biological interpretations from 
the variables selected. Until better predictors and more representative sampling is available future 
developments of species distribution models of waterbird abundance will likely need to focus at 
smaller temporal and spatial scales if higher precision in results are needed.  
The results from chapter 5 generally conformed to expectations, but would benefit from 
further validation. The survival analysis has also resulted in highly imprecise estimates of annual 
apparent survival. Steps to improve precision of survival estimates include the inclusion of age 
structure, and trap response in the models. It would also be helpful to find a covariate that 
accurately represented the probability of temporary emigration. 
This thesis highlights growing evidence from other sources that the biggest factor in 
shorebird population declines in the East Asian-Australasian Flyway is the loss of staging habitats 
in east Asia (Murray et al., 2014; Piersma et al., 2015; Studds et al., in press). Within Australia, this 
thesis uncovers that some declines in shorebird populations relate to the loss of inland wetland 
habitats. Habitat loss is happening throughout the flyway on a massive scale and we assume that 
this loss of habitat directly reduces the amount of available food, which in turn limits populations. 
There is support for this kind of population limitation in non-breeding shorebirds (Goss-Custard et 
al., 1995; Burton et al., 2006; Goss-Custard et al., 2006). However, it is likely that factors not 
addressed in this thesis are also limiting shorebird populations (Colwell, 2010), and several of these 
factors could be interacting with anthropogenic habitat loss to accelerate population declines.  
Hunting has been documented as impacting the critically endangered Spoon-billed 
Sandpiper in this flyway (Zöckler et al., 2010), and while it has been documented as happening in 
various places throughout the flyway, the scale of hunting has not been quantified in this flyway 
(Turrin & Watts, 2016). Disturbance has also long been seen as something which impacts 
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shorebirds ability to conserve energy reserves for their long migrations (Colwell, 2010). While the 
impact of disturbance on shorebirds appears to vary from location to location, efforts to manage 
disturbance are increasingly being called for (Harrington, 2003), and optimising where to invest in 
that management makes sense (Dhanjal-Adams et al., 2016). Pollution is a growing issue in parts of 
this flyway (Murray et al., 2015), and is something that could directly and indirectly impact 
shorebird populations. Occasional events such as disease outbreaks or severe weather events are 
also known to impact shorebirds (Colwell, 2010), and it seems likely that such events may have 
more catastrophic consequences on shorebird populations if they continue to shrink. 
Predation is likely limiting shorebird populations to some degree. The impact of predation 
on eggs and young shorebirds are well documented in the artic (Evans & Pienkowski, 1984; Ganter 
& Boyd, 2000; Piersma & Lindstrom, 2004), and the cyclical patterns of reproductive success in 
shorebirds such as Curlew Sandpiper have been associated with predation pressure that grows when 
artic lemming populations crash cyclically (Summers et al., 1998; Blomqvist et al., 2002). 
Interestingly, a recent study suggested conditions in the arctic are having diminished effects on 
shorebird breeding success in this flyway and do not look to be the source of population declines 
(Aharon-Rotman et al., 2015). Predation especially by falcons in the non-breeding grounds have 
also been documented (Whitfield, 1988; Cresswell & Whitfield, 1994; Van Den Hout et al., 2008), 
with relatively estimates of mortality exceeding 6% for juvenile Red Knot (Van Den Hout et al., 
2008). Overall, however, the impact of raptor predation occurring in non-breeding areas on 
shorebird populations has not been well assessed (Colwell, 2010), but local impacts are evident. It is 
unclear to what degree any of these additional factors could be limiting shorebirds in the East 
Asian-Australasian Flyway. 
The work in this thesis also did not directly assess the importance of artificial habitats. A 
handful of Australia’s artificial wetlands support internationally important numbers of shorebirds 
(Lane, 1987).  These include salt-fields and sewerage works, some of which are managed in part to 
benefit shorebirds. These habitats support high densities of shorebird invertebrate prey and are 
thought to buffer the impacts of other habitat losses to some degree (Masero, 2003; Purnell et al., 
2012; Rogers & Hulzebosch, 2014; Dean et al., 2015), and wetland management is also 
successfully practiced regularly for similar species in North America (Harrington, 2003). While 
some coastal obligate species such as Eastern Curlew are not known to feed in such habitats, many 
of the shorebirds considered in this thesis appear to thrive in artificial habitats. In chapter four of 
this thesis artificial habitats were removed from consideration when constructing species 
distribution models because the variables we were using would not have captured wetland changes 
driven by artificial processes. Creating a variable of distance to permanent water may be one way to 
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include these areas in future species distribution models. Our results indicating survival was 
somewhat related to inland wetland condition suggest that there are not yet sufficient artificial 
wetlands to overcome the impact of reduced availability of inland wetlands, but I wonder if one 
possible explanation for why Red-necked Stint apparent survival was unrelated to inland wetland 
conditions at the Western Treatment Plant might relate to unusually favourable conditions for stints 
at this artificial wetland which is actively managed for shorebirds. 
 
6.5 Future Research Directions 
The boundary setting around important shorebird areas in Australia is reasonably 
comprehensive for coastal areas, and will continue to be revised as better information becomes 
available from the Shorebirds2020 monitoring program. That kind of high resolution mapping of 
shorebird habitat boundaries throughout the flyway’s nonbreeding habitats would facilitate 
improved conservation planning, especially if it was done at the many inland wetlands which are 
not yet widely recognised. 
Further work on establishing the degree to which local conditions at individual sites may be 
limiting local shorebird populations would also yield a better understanding of best practice for 
improved shorebird conservation within Australia. A project that looks to monitor rates of shorebird 
disturbance, shorebird condition, and shorebird foraging intake rates at Australian sites identified as 
doing worse or better than the national average would likely be beneficial. Such efforts would likely 
point toward on ground management actions which could improve conditions for shorebirds locally. 
Other investigations into the energetic costs and benefits these areas offer the birds could include a 
mapping of distances between roosting and foraging areas, an assessment of predation pressures, 
food quality, and shorebird densities. Efforts to identify those areas where data deficiency was the 
only factor in clearly not leading us to show it as doing better or worse than national averages 
would also be beneficial. 
The role the dynamic inland wetlands of Australia play in shorebird population regulation 
remains murky at best. Recent studies of Banded Stilt (Cladorhynchus leucocephalus) have shown 
cross continental movements, and migrants appear to cross the continent when traveling to 
nonbreeding areas in the south (Minton et al., 2006). It remains unclear how many species move 
this much across the continent or what the drivers of this movement might be, and there is little 
understanding of the demographic costs and benefits associated with different habitats or movement 
patterns. The benefits of inland wetlands in Australia that have briefly supported over 20% of the 
flyway populations of some nonbreeding migratory shorebird species are also not understood. It is 
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possible such large congregations of shorebirds are associated with high food densities (Zwarts et 
al., 2009), which may have large demographic benefits, but further research is required to confirm 
such possibilities. Similarly, there are times when extensive flooding across Australia’s interior 
leads to many nonbreeding shorebirds being sparsely distributed in the landscape. Such conditions 
could reduce competition for food, and reduce predation pressure, but again any demographic 
benefits of such conditions require research to ascertain. Construction of spatially explicit 
individual based population models simulated over time would be one way to explore the 
importance of dynamic wetland pulses on shorebirds.  
It is likely that artificial habitats managed specifically for shorebirds could mitigate the loss 
of inland wetland habitats to some degree.  There is a need to identify where water could be applied, 
and how it should best be applied in areas with different climates and soils. There are increasing 
efforts to model the optimal configuration of reserves and management actions in shorebirds based 
on an understanding of the network of habitats used (Augustin et al., 1999; Iwamura et al., 2013; 
Nicol et al., 2015; Albanese & Haukos, 2017).  These efforts provide several options with which to 
explore what an optimal network of managed shorebird reserves might look like given the 
constraints of water availability across the continent.   
Such considerations are likely going to be complicated by on-going climate change.  
Climate change is predicted to shift the timing and variability of water availability across the 
interior of Australia, with increased temperatures and reduced rainfall also likely (Kingsford, 2011; 
Finlayson et al., 2013). Our finding which suggests shorebird apparent survival is related to inland 
wetland condition indicates further research on the likely impacts of climate change on shorebird 
populations would facilitate better management responses to likely future senarios. 
The power of survival analyses in unmasking knowledge of shorebird ecology (Nebel et al., 
2013) and population regulation (Piersma et al., 2015) are increasingly obvious in this flyway. Yet, 
the vast amounts of mark-recapture data available from Australia has not been fully analysed. In 
this thesis I demonstrated that these data can be used to look to identify correlates to annual survival 
at the Western Treatment Plant. However, the Western Treatment Plant has conducted targeted 
management for shorebirds for decades, and further survival analyses on the available data could 
look to uncover the degree to which local management actions relate to survival in those local 
populations. With an increasing number of places in Australia looking to manage areas for 
shorebirds, the opportunity to identify what has worked and what hasn’t for shorebird populations at 
the Western Treatment Plant could immediately inform best practice management at these other 
locations. A comparative analysis of survival between different locations would also be useful to 
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determine if sites like Corner Inlet have markedly worse survival that other locations, and if any 
differences correlate to local conditions. 
There remain a variety of other threats that could be impacting non-migratory shorebirds 
which may not yet have been identified. More in depth looks at the breeding ecology, dispersal, 
movements, and nonbreeding ecology of Red-kneed Dotterel, Black-fronted Dotterel, and Black-
winged Stilt should also be conducted in order to determine the conservation needs of these species. 
Further, despite evidence of large and widespread declines in Red-necked Avocet (Nebel et al., 
2008) which were also confirmed here (chapters 3 and 4), there has been little movement to list this 
species as threatened. As a matter of urgency, experts should be consulted to determine if there is 
any evidence indicating Red-necked Avocet should not be listed as a threatened species. 
Management and recovery planning could then begin in earnest.  
Table 6.3 List of recommended future research regarding shorebirds within the East 
Asian-Australasian Flyway. 
 
Purpose Recommended future research 
Mitigate impact of 
habitat loss 
- Identify areas where artificial wetland management could be 
applied. 
- Determine optimal hydro-period, wet soil management practices, 
and water depths for shorebirds in the variety of climatic zones 
where such actions could be applied. 
- Explore network based approaches to identify the optimal 
placement of shorebird reserves given the constraints of water 
availability. 
- Simulate shorebird use of existing wetland networks and test for 
sensitivity to different scenarios of wetland availability. 
- Extend this work to areas throughout the flyway. 
Improve understandings 
of existing shorebird 
habitat networks 
- Continued studies which monitor movement of migrants and wide 
ranging resident species are required to understand the patterns of 
habitat use over time over the full suite of non-breeding habitats. 
- This work is clearly needed in Australia’s interior. 
Increase knowledge of 
shorebird demography 
- Continue to explore the rich mark-recapture databases to document 
annual apparent survival rates for more species, and to identify 
correlates with spatial and temporal variation in population change. 
Build knowledge base 
for more shorebirds in 
the flyway 
- Develop an understanding of habitat use, breeding areas, movement 
patterns and population status for a greater number of both resident 
and migratory shorebirds.   
- Little Curlew is one species where knowledge gaps are glaring, as is 
Oriental Pratincole, and the resident Red-kneed Dotterel. 
Continue to monitor 
changes in the arctic 
and their impacts to 
shorebirds 
- As the artic continues to warm, changes in habitat structure, shifting 
phenology, predation, and competition are likely. Ongoing 
monitoring coupled with demographic studies will be needed to 
determine if or when conditions in the arctic become a more 
dominant driver of population change in shorebirds. 
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Develop method to 
assess non-breeding 
habitat quality more 
directly 
- Continue to study the utility of assessing shorebird condition, 
foraging time, invertebrate prey densities and intake rate as 
indicators of local habitat quality and impacts from disturbance. 
Identify causes of 
population changes at 
the local wetlands 
- Our work indicates some wetlands are better or worse at retaining 
shorebird populations. Detailed studies of likely drivers of those 
differences would deliver clearer management guidelines for 
individual wetlands, 
Identify benefits to 
shorebirds which show 
up infrequently in 
extreme concentrations 
at temporary wetlands 
- Study prey availability, foraging intake rates, raptor activity, and 
daily energy  budgets to determine the costs and benefits derived 
from these unusual events. 
Determine if hunting of 
shorebirds are having 
population impacts 
- Collect international data on shorebird mortality due to hunting . 
- Model likely consequences to populations given identified levels of 
mortality due to hunting. 
Does shorebird 
mortality due to 
predation impact 
populations 
significantly? 
- Continue to evaluate the impacts of predation on the breeding 
grounds, especially given ongoing rapid changes in the arctic due to 
climate change. 
- Engage in large scale studies of the impact of raptor predation on 
shorebird populations in this flyway. 
Predict likely impacts 
to shorebirds due to 
climate change 
- Our results suggest shorebirds experience demographic benefits 
when inland conditions are favorable, yet climate predictions 
suggest water may become scarce for longer periods in inland 
Australia while large flooding events may increase. Developing an 
understanding of how shorebird populations will respond to these 
changes will be critical to ensuring appropriate management 
responses can be considered. 
Assess breeding 
habitats for Eastern 
Curlew 
- • Assess breeding habitat availability for Eastern Curlew, and 
identify habitat features associated with breeding success.   
- Attempt to identify extent of historic breeding area. 
Fill knowledge gaps 
regarding non-breeding 
distributions 
- In Australia identify of where tens of thousands of Curlew 
Sandpiper go after stopping at Lake Macleod on southward 
migration. 
- Discover where 2.8 million Oriental Pratincole are usually found 
during the non-breeding season. 
- An inventory of the numbers of shorebirds found in areas such as 
Indonesia and other parts of the flyway with little data. 
Improve conservation 
planning at local scales 
- Increase the resolution of shorebird area boundaries throughout the 
flyway and set boundaries based on non-breeding home ranges 
where possible 
 
6.6 Management recommendations  
Management of Australia’s inland wetlands for shorebirds should focus on two things.  
First, activities that reduce the natural flows of water through rivers and across floodplains should 
be avoided. The consequences of over extraction and regulation of water are dire for wetland 
ecosystems and in this case for shorebirds and the food they eat (Kingsford et al., 1999; Kingsford, 
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2000; Nebel et al., 2008; Nielsen et al., 2013). Second, artificial wetlands should be created and 
managed where possible. This involves several steps. 
 The first step that needs to be taken in order to manage wetlands specifically for shorebirds 
at inland wetlands in Australia is simply to identify where and when sufficient water is available.  
Fortunately, within the Murray Darling Basin a lot of this kind of work has already been done.  For 
many other unregulated catchments in Australia there is no real capacity to manage water supplies.  
However, there remain a number of sewerage works, saltworks, agricultural dams, and near coastal 
wetlands which may be appropriate for artificial wetland management. An assessment of all these 
possibilities should be undertaken nationally, and each area should only be considered if it is free or 
can be made free of tall vegetation.  Once potential sites are identified some kind of network 
analysis should be conducted to determine the optimal placement and timing of creation of artificial 
wetlands (Augustin et al., 1999; Iwamura et al., 2013; Nicol et al., 2015; Albanese & Haukos, 
2017). After sites are selected management needs to ensure water is applied in open areas free of 
tall vegetation, in areas with variable bathymetry inclusive of extensive shallow areas ranging 
between a couple centimetres to 20 centimetres, in areas kept dry in the season when shorebirds are 
not present and where vegetation is allowed to grow, and which is flooded a couple of months 
before shorebirds arrive and allowed to draw down. Ideally each area would include multiple ponds, 
where there was an island free of vegetation for roosting, and where the hydroperiod of flooding 
and draw down could be staggered among ponds for approximately four months at each pond. 
Paying attention to which plants are grown in the off season and then flooded as well as allowing 
for deeper areas within each pond would support a larger sweet of waterfowl. These general 
recommendations come out of (Colwell, 2010), and fortunately there is extensive literature on wet-
soil management and water level management to benefit shorebirds (Helmers, 1992; Anderson & 
Smith, 2000; Taft et al., 2002; Harrington, 2003; Ma et al., 2010; Dias et al., 2014), so such 
activities could readily be adaptively trialed. 
The success of artificial wetlands for shorebirds has already been shown at a number of 
saltworks and sewerage works, however, on-going monitoring at any sites where artificial wetland 
management is employed will be required in order to adapt management to improve outcomes.  
Fortunately, there is considerable work indicating that counting the number of shorebirds using a 
site, measuring foraging intake rate, and measuring foraging time are some simple ways to get an 
indication of how good an area is for shorebirds (Goss-Custard et al., 2006; Colwell, 2010).  When 
these measures are coupled with longer-term monitoring of abundance and survival, a picture of the 
full extent of the benefit to shorebirds can be quantified.  Given the rapid and large declines in 
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migratory shorebirds, the expansion of artificial wetland management in Australia, and at staging 
areas further north should be made a priority. 
6.7 Concluding Remarks 
My work has solidified our understanding of the plight of shorebirds in Australia, and 
highlighted that the most widespread problem facing shorebirds within Australia lies within the 
diverse and dynamic wetlands of the interior. The work in chapter 2 provides a way to organise 
shorebird information into independent spatial units useful for both analyses and management. In 
chapter 3 I confirm that many of the Australian based threats to migratory shorebird populations are 
being overwhelmed by impacts happening outside Australia. Yet for resident shorebirds, wetland 
loss and degradation across Australia’s interior are impacting shorebirds at continental scales. 
Chapter 4 suggests some interesting patterns of dynamic shorebird distributions across Australia 
over time, with migrants more common in the interior during southward migration than on 
northward migration, and some species experiencing periods of much greater contraction in 
available suitable habitat at continental scales. Together, these results serve as another reminder that 
migratory or highly mobile birds require protection throughout their large ranges, and that the 
interaction of threats in different geographic areas (chapter 5) may still impact individuals despite a 
dominant cause of decline in only one of the geographic regions. 
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Appendix A – Shorebird species selected for study 
The taxonomically and ecologically diverse shorebirds of Australia (Marchant & Higgins, 
1993; Higgins & Davies, 1996) include 18 resident shorebird species (Priest et al., 2002) and 37 
migratory shorebirds that regularly visit Australia each year during the nonbreeding season (DEH, 
2006). Monitoring data is most abundant on those Australian shorebird species that are common 
and found in open wetland or coastal habitats. There was sufficient data for analyses in at least one 
of this thesis’s chapter to include eight resident shorebird species, and 20 migratory species (Tables 
S3.1 and S4.1). 
Selected migratory species common in inland wetland habitats 
The Sharp-tailed Sandpiper, Curlew Sandpiper, Red-necked Stint, and Common Greenshank 
are migratory shorebirds that visit Australia each year and are species which the Australian 
Government has taken considerable effort to conserve as required by their obligations under the 
Environment Protection and Biodiversity Conservation Act 1999, as well as bilateral international 
agreements of the Japan-Australia Migratory Birds Agreement (JAMBA), the China-Australia 
Migratory Birds Agreement (CAMBA), and the Republic of Korea-Australia Migratory Birds 
Agreement (ROKAMBA). These three species all use ephemeral wetlands in Australia, as well as 
coastal habitats and permanent wetlands. Individuals of each of these species are known to move 
between ephemeral wetland habitats and coastal habitats when conditions suit, but this ecological 
switch is poorly understood. These species are all generalist foragers, and can be found in a wide 
variety of wetland habitats in Australia. While similar in many ways the four species of shorebird 
being focused on in these studies differ in a variety of ways. 
 Sharp-tailed Sandpiper (Calidris acuminate) has a total global population of 
160,000 all of which use the EAAF, and 88% of which are thought to visit Australia each year in 
the non-breeding season (Wetlands International, 2006; Bamford et al., 2008). They weigh between 
39 and 114g, and are 17-22 cm long (del Hoyo et al., 1996). They are polygynous breeders that nest 
in the Arctic and sub-Arctic tundra of Siberia where they often prefer moss-sedge bogs, with drier, 
shrub-covered hummocks (del Hoyo et al., 1996). In the non-breeding season they use a wide 
variety of habitats including: the muddy edges of shallow fresh or brackish wetlands, grass, or 
saltmarsh, intertidal flats, swamps, lagoons, flooded paddocks, dams, soaks, boar drains or swamps, 
saltpans, saltworks, sewage works, mangrove lined wetlands, and seashores especially with 
beachcast seaweed (Higgins & Davies, 1996). They tend to use terrestrial wetlands when available 
and move to coastal habitats when terrestrial wetlands dry out (Alcorn et al., 1994; Higgins & 
Davies, 1996). They feed both visually and by probing on a wide variety of prey including: worms, 
molluscs, crustaceans, insects, and even seeds (Higgins & Davies, 1996). During migration they use 
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a wide variety of coastal and wetland habitats throughout east Asia and southeast Asia including 
parts of the Yellow Sea region which is increasingly being impacted by human activity (Higgins & 
Davies, 1996; Barter, 2002; Murray et al., 2014; Murray et al., 2015). Their large range, and ability 
to use a variety of wetlands have been thought to have allowed them to avoid impacts to their 
populations from wetland losses and degradation, but conservation of suitable wetland habitats 
especially in SE Australia are seen as critical to their long-term survival (del Hoyo et al., 1996). 
 Curlew Sandpiper (Calidris ferruginea) has a world population of approximately 
1,835,000, and 135,000 of those use the EAAF. Sixty-four percent of those in the EAAF are 
thought to visit Australia each year in the non-breeding season (Wetlands International, 2006; 
Bamford et al., 2008). They weigh between 45 and 90g and are 18-23 cm long (Higgins & Davies, 
1996). They are polygynous breeders that nest in the Arctic tundra of Siberia where they often 
prefer the edges of marshes or pools, the slopes of hummock tundra, moss-sedge bogs with drier 
shrub-covered hummocks, or selected dry patches in tundra (BirdLife International, 2013). In the 
non-breeding season, they use mostly intertidal mudflats near estuaries, bays, inlets or lagoons, but 
also are found in saltworks, sewerage works, lakes, and a variety of inland wetlands (Higgins & 
Davies, 1996). They are known to go inland in modest numbers after recent rain (Alcorn et al., 
1994). They feed primarily by pecking and probing on a wide variety of prey including: worms, 
molluscs, crustaceans, insects, and occasionally seeds (Higgins & Davies, 1996). During migration 
they migrate along a wide front using coastal habitats and to lesser degree inland wetlands, but 
during northward migration they are thought to be highly reliant on the Yellow Sea region, which is 
increasingly being impacted by human activity (Higgins & Davies, 1996; Barter, 2002; Iwamura et 
al., 2013; Murray et al., 2014; Murray et al., 2015). Globally, their populations appear to be stable 
or increasing slightly but large declines are evident in Australia (Gosbell & Clemens, 2006; Minton 
et al., 2012), which are thought to be related to threats from outside Australia (BirdLife 
International, 2013; DSEWPaC, 2013b).  
 Red-necked Stint (Calidris ruficollis) has a world population found only within the 
EAAF of approximately 315,000, 80% of which are thought to visit Australia each year during the 
non-breeding season (Bamford et al., 2008). They weigh between 25 and 41g and are 13-16 cm 
long (Higgins & Davies, 1996). They are monogamous, colonial breeders that nest in eastern 
Siberia and north-western Alaska where they often prefer to build nests on mossy hummocks 
(ARKive, 2013b). In the non-breeding season, they use mostly protected intertidal mudflats or 
shorelines, but also are found in saltworks, sewerage works, lakes, and a variety of inland wetlands 
(DSEWPaC, 2013a). They feed primarily by jabbing and probing on a wide variety of prey 
including: seeds, marine worms, molluscs, shrimp and a variety of insects some of which are 
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gleaned from plants and water (Higgins & Davies, 1996). During migration they use a wide variety 
of wetland habitats, but during northward migration about 30% are thought to be highly reliant on 
the Yellow Sea region, an area increasingly being impacted by human activity (DSEWPaC, 2013a; 
Murray et al., 2014). There is no clear evidence of overall population declines with increases and 
decreases being reported in different areas (ARKive, 2013b). 
 
Select non-migratory species common at inland wetland habitats 
The Red-necked Avocet, Black-winged Stilt, Red-kneed Dotterel, and Black-fronted 
Dotterel are resident species which are mostly associated with Australian inland wetlands. Among 
these non-migratory, Red-necked Avocet track changing ephemeral conditions most, while Black-
winged Stilt track them least. Officially, the Australian Government recognises these species as 
falling under the umbrella of the Environment Protection and Biodiversity Conservation Act 1999, 
but they are not separately listed as none have been listed as threatened, and they do not occur on 
lists such as those all migratory shorebirds fall on due to international treaties. Similarly, resident 
shorebirds are less well studied than their migratory cousins (Weston, 2007). Recent evidence of 
widespread declines in some of these species (Nebel et al., 2008), has not led to them being listed as 
threatened in large part due to the lack of evidence that declines are happening throughout their 
range, and a similar lack of identification of current threats to their populations.   
Red-necked Avocet are common within Australia’s inland wetlands, and are known to be highly 
mobile within Australia, tracking rainfall and water availability across the continent, and moving to 
coastal habitats when inland areas become unsuitable (Marchant & Higgins, 1993). Measuring 43 -
45 cm from head to tail they are a medium sized shorebird that weighs on average 310 grams 
(Marchant & Higgins, 1993). They are often found in saline or brackish shallow water, and 
occasionally at intertidal coastal habitats (Marchant & Higgins, 1993). They are ground nesters that 
usually breed in small groups, and rarely in large colonies (Marchant & Higgins, 1993). They 
forage on aquatic invertebrates often by sweeping their upturned bill back and forth through the 
surface of the water, but also occasionally by swimming and up-ending themselves to feed like a 
duck (Marchant & Higgins, 1993). Their populations are considered to be stable and large approx. 
100,000 (BirdLife International, 2012), despite large declines throughout wetlands of eastern 
Australia (Nebel et al., 2008). 
Black-winged Stilt are another medium sized shorebird (33–36 cm long) that weighs an average of 
185 grams (Marchant & Higgins, 1993). It is also widespread throughout Australia at a variety of 
freshwater and brackish marshes, and other shallow wetlands both inland and at the coast (Marchant 
  
168  
  
& Higgins, 1993). They often nest in small groups on the ground, and eat a variety of insects and 
crustaceans (Marchant & Higgins, 1993). Their global population is large c. 700,000 to 3,800,000, 
and are considered to have stable or increasing population trends (BirdLife International, 2012), but 
declines have been reported throughout wetlands of eastern Australia (Nebel et al., 2008). 
Red-kneed Dotterel are small shorebirds (17–20 cm long) that weigh an average of 48 grams 
(Marchant & Higgins, 1993). It is primarily found at the shallow margins of inland freshwater 
ephemeral or permanent wetlands, but is occasionally observed at the coast or other saline wetlands, 
where they eat. (Marchant & Higgins, 1993). They are widespread throughout much of Australia 
and likely shift their distributions with available ephemeral habitats (Marchant & Higgins, 1993). 
They often breed in small colonies on the ground, and eat arthropods, molluscs, annelids and seeds 
(Marchant & Higgins, 1993). There has not previously been any reported evidence of population 
decline in Red-kneed Dotterel (BirdLife International, 2012). 
Black-fronted Dotterel are small shorebirds (16–18 cm long) that weigh an average of 32 grams 
(Marchant & Higgins, 1993). It is primarily found at the shallow margins of a wide variety of inland 
freshwater wetlands, and occasionally is observed in large groups when conditions are especially 
favourable (Marchant & Higgins, 1993). They are widespread throughout much of Australia and eat 
molluscs and a variety of both aquatic and terrestrial insects (Marchant & Higgins, 1993). They 
often breed on the ground close to water (Marchant & Higgins, 1993). There has not previously 
been any reported evidence of population decline in Red-kneed Dotterel (BirdLife International, 
2012). 
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Table S3.1  Summary of reported trends from Australia and Japan 
 
Common Name
ab
br
ev
ia
tio
n Australi
a (this 
study)
Western 
Port, Vic. 
(Hansen 
et al. 
2015)
Korea 
(Moores 
et al. 
2014)
Western 
Treatment 
Plant, 
other 
Victoria 
sites 
(Rogers et 
al 2013; 
Lyon et al 
2014)
Corner 
Inlet, Vic. 
(Minton 
et al. 
2012)
Cape 
Portland, 
George 
TownTas. 
(Cooper 
et al 
2012)
The 
Coorong, 
South 
Australia 
(Paton et 
al 2012)
Moreton 
Bay, Qld 
(Wilson 
et al 
2011)
Japan 
(Amano 
et al. 
2010)
Hunter 
Estuary, 
NSW 
(Spencer 
2010)
Bellarine 
Peninsula, 
Vic. 
(Herrod 
2010)
NNW 
Western 
Australia 
(Rogers et 
al. 2009; 
Rogers et 
al. 2011)
Swan River 
Estuary, 
WA. (Creed 
& Bailey 
1998; 
Creed & 
Bailey 
2009)
Gulf of St 
Vincent, 
SA. (Close 
2008)
Australia 
(Olsen & 
Silcocks 
2008; & 
Bartlet et 
al. 2003)
Inland 
1/3 of 
eastern 
Australia 
(Nebel 
et al 
2008)
south-
east 
Australia 
(Gosbell 
& 
Clemens 
2006)
Bar-tailed Godwit BaTG D d - - - D - D D d - D D D i d
Black-tailed Godwit BlTG D D d - - D D - D D d
Common Greenshank CoGr D D - D D d D D i - d - - d d
Curlew Sandpiper CuSa D D - D D D D d i D D D D D D D
Eastern Curlew EaCu D D D D D D D d - - D d d d D
Great Knot GrKn - d D d D i - D D d d
Greater Sand Plover GrSP - D - d d d i d d
Grey Plover GrPl D d D d d D D D D D d
Grey-tailed Tattler GTTa - D d - i - D - D d d
Latham's Snipe LaSn -  d
Lesser Sand Plover LeSP D - d d d - -  D D - d
Marsh Sandpiper MaSa - - - i - I - i
Pacific Golden Plover PGPl D d - D d i -  D D - d d
Red Knot ReKn - d D D D d D i - D d d d d
Red-necked Stint RNSt D - d - - d d I d d - d D d -
Ruddy Turnstone RuTu D D D D D D D - D d I
Sanderling Sand - - - d i - i
Sharp-tailed Sandpiper STSa D - d D d - D i d d d D D d d
Terek Sandpiper TeSa D - d - i - D d d
Whimbrel Whim - d - I D d - I
Australian Pied Oystercatc PiOy I I I - D - - I i
Banded Lapwing BaLa - D d d
Black-fronted Dotterel BFDo D -
Black-winged Stilt BWSt D - d - - d d d
Masked Lapwing MaLa D D - - d d d
Red-capped Plover RCPl - - - - - - - D d
Red-kneed Dotterel RKDo D - - D i / d
Red-necked Avocet RNAv D - - - d D d d
Sooty Oystercatcher SoOy I I - i
D = strong evidence of decline, d = some evidence of decline, i  = some evidence of increase, I = strong evidence of increase, - = no long-term change detected
Severe declines of Eastern Curlew in SE Tas (Ried and Park 2003)
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References for Table S1:  
 
(Creed & Bailey, 1998; Barrett et al., 2002; Barrett et al., 2003; Reid & Park, 2003; Gosbell 
& Clemens, 2006; Close, 2008; Nebel et al., 2008; Olsen & Silcocks, 2008; Creed & Bailey, 2009; 
Rogers et al., 2009; Amano et al., 2010; Herrod, 2010; Spencer, 2010; Rogers et al., 2011; Wilson 
et al., 2011b; Cooper et al., 2012; Minton et al., 2012; Paton & Bailey, 2012; Loyn et al., 2014; 
Moores et al., 2014; Hansen et al., 2015; Simmons et al., 2015)  
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Table S3.2  Estimated population changes in Australian shorebird species in different 
subsets of Australian shorebird count data and whether decreases or increases are greater in 
the north, south, east or west of the continent 
Numbers = slope estimates of log-transformed counts over time (per year) approximate % change per year, 
bold = 95% confidence intervals that do not span zero, (1 = insufficient data, models did not converge); 2 = 
rates of population change vary by latitude or longitude,  I = increase; D = decrease; as one goes N = north; S 
= south, as one goes E = east; W = west, n = not significant; * ANOVA of lmer fixed effects term significant: 
P < 0.05; ** ANOVA of lmer fixed effects term interaction term with time significant: P < 0.05; *** 
ANOVA of lmer of both fixed effects terms and interaction term significant: P < 0.05 
 
 
  
Curlew Sandpiper   -8.65
Lesser Sand Plover   -5.51
Sharp-tailed Sandpiper -5.72
Terek Sandpiper -5.8
Black-tailed Godwit -8.27
Red-necked Stint -1.93
Bar-tailed Godwit -3.25
Ruddy Turnstone -2.83
Eastern Curlew -2.63
PacificGolden Plover -2.04
Grey Plover -2.26
Common Greenshank -2.37
Red Knot -3.53
Marsh Sandpiper 1.21
Sanderling 3.03
Greater Sand Plover 0.25
Whimbrel 0.24
Great Knot 2.22
Grey-tailed Tattler 2.47
Red-necked Avocet -5.32
Black-winged Stilt 0.29
Black-fronted Dotterel -
Red-kneed Dotterel -
Red-capped Plover -0.39
Sooty Oystercatcher 4.67
Australian Pied Oystercatcher -1.2 1.54 (I-S)* n
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1.43 2.32 2.23 3.02 2.29 1.76
(D –E)*
0.89 2.32 -0.65 7.72 3.08 1.35 0.84 (I-S)* n.s.
n.s. n.s.
-0.67 -3.19 -11.26 -4.57 -3 -3.05 -0.25 n.s.
- n.s. n.s.
-2.1 - - - - - -
-2.48 - - - - -
n.s.
-1.81 -5.07 1.74 -4.47 -10.5 -2.45 -2.97 n.s. ((D–E)***
(I–W)*
Resident Species
-2.87 -7.01 -5.58 -15.89 -3.88 -3.71 -3.3 n.s.
(I –N)*** (I–E)*
1.93 1.64 0.01 -0.36 3.95 -0.52 2.9 (I –N)*
1.09 (I –N)*      n.s.  
1.43 0.39 2.78 -0.38 -1.95 4.66 1.9
0.65 -0.99 2.18 -3.53 0.78 -1.18
  (I–W)*
0.54 0.23 3.28 -2.61 -2.1 5.6 0.78 (D –S)*** (D –W)*
    n.s.       n.s.
0.08 -1.18 -2.19 -0.3 -0.73 -6.22 4.06     n.s.  
-3.04     n.s. (D –W)*
-0.9 -10.9 8.09 -9.92 1.99 -8.83 -2.21
-1.65 -2.6 4.32 -2.3 -0.07 -1.65
(D –W)*
-1.98 -2.89 -0.46 -2.08 1.73 -4.46 -1.97     n.s. (D –E)*
    n.s.      n.s.
-2.02 -1.8 1.12 -1.46 -0.64 -1.36 -2.02 (D –S)***
-2.57 (D –S)*** (D –E)***
-2.02 0.71 -4.05 2.15 3.37 -1.16 -2.55
-2.97 -4.68 2.5 -4.97 -0.46 -5.12
    n.s.
-3.17 -5.8 1.36 -4.97 -4.72 -6.31 -2.71    n.s. (D –E)*
   n.s. (D –E)*
-3.22 -2.8 2.46 -1.55 -4.46 -0.69 -3.45 (D –N)*
-9.23 (D –S)*     n.s.
-3.35 -4.02 -8.37 -5.28 -3.06 -3.69 -2.42
-5.38 -11.7 -7.12 -12.98 -23.25 -0.97
(D –E)*
-5.4 -5.41 1.06 -6.29 -5.43 -2.99 -5.69 (D –N)* (D –E)*
 (D –N)* (D –E)***
-5.73 -3.88 -17.25 -4.25 2.17 -2.79 -5.63     n.s.
-9.2 (D –S)** (D – W)*
-7.16 -13.7 0.12 -15.74 1.1 -9.87 -8.08
-9.53 -9.96 -9.79 -10.2 -6.25 -9.51
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Table S3.3 Suggested top 10 and bottom 10 areas in terms of relative shorebird trends in 
areas being monitored for selected species 
Each shorebird area trend compared to average of all shorebird trends for each species with 
values scored as positive when above the mean and negative when below the mean; values 
greater than 2 standard deviations from the mean were scored SD +/– 2, values between 1 
and 2 scored SD +/– 1, and within 1 standard deviation were scored +/– 0.1. Columns are 
sorted in order from biggest decrease to biggest increase.  See Table S1 for species 
abbreviations  
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Tweed -2 Shoalhaven Estuary -2 Tweed -2 Moolap Saltworks -2
Moreton Bay -2 Lake Robe -2 Western Port Bay -2 Carpenter Rocks -2
Mackay -2 Hastings River -1 Werribee Avalon -2 Bowen -2
Shoalhaven Estuary -2 Moolap Saltworks -1 Mackay -1 Botany Bay -2
Richmond River estuary -2 Gulf of St Vincent -1 Armstrong -1 SE Tasmania -2
Coffin Bay -1 Swan estuary WA -1 Gulf of St Vincent -1 Coorong -2
Baird Bay -1 Herdsman Lake -1 Hunter Estuary -1 Swan estuary WA -2
Nambucca River -1 Armstrong Beach -1 Richmond River estuary -1 Robbins Passage Boullanger Bay -1
Lake Illawarra -1 Lake Reeve Gippsland Lakes -1 Toogoom to Point Vernon -1 Kangaroo Island -1
George Town Reserve -1 Parramatta River -1 Kangaroo Island -1 Gulf of St Vincent -1
Brou Lake 1 Lake Eliza 1 Franklin Harbour 1 Discovery Bay to Glenelg River 1
Manning River Estuary 1 Lake Illawarra 1 North Darwin 1 Lades Beach 1
North Darwin 1 Longreef 1 Laverton Altona 1 Lake Robe 1
Kelso, Tamar Estuary 1 Tuross 2 Lades Beach 1 Warden Lakes Esperance 1
Moulting Lagoon 1 Canunda National Park 2 Clarence River 1 Bowling Green Bay 1
Shallow Inlet 1 Kelso, Tamar Estuary 2 East Port Phillip 1 Sceale Bay 1
Coorong 1 Manning River Estuary 2 George Town Reserve 1 Cairns area 1
Tuggerah Lakes 1 Lake George 2 Manning River Estuary 2 Munderoo Bay to Tickera Bay 1
Lake Connewarre area 2 Bushland Beach 2 Lucinda 2 Streaky Bay 1
Lucinda 2 Yokinup 2 Botany Bay 2 Cape Bowling Green 2
Re
Kn
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a
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Kn
  R
an
k
ST
Sa
 A
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a
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Sa
  R
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Kn
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a
Gr
Kn
  R
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Albany -2 Port Stephens -2 Mackay -2 Moolap Saltworks -2
Dampier Saltworks -2 Moolap Saltworks -2 Swan estuary WA -2 Gulf of St Vincent -2
Clarence River -2 Coobowie Inlet Yorke Peninsula -1 Moreton Bay -1 Bool lagoon -2
Richmond River estuary -2 Bowen -1 Richmond River estuary -1 Corner Inlet -2
Coorong -2 Kangaroo Island -1 Swan Bay Mud Islands -1 Tullakool Saltworks -1
Corner Inlet -1 Carpenter Rocks -1 Eighty Mile Beach -1 Broadwater Busselton -1
Murat Bay -1 Coorong -1 Camila Beach -1 Coorong -1
Lake Illawarra -1 Coffin Bay -1 Corner Inlet -1 Mackay -1
SE Tasmania -1 Tourville Bay -1 Great Sandy Straight -1 Cairns area -1
Alva Beach -1 Armstrong -1 Murat Bay -1 Anderson Inlet -1
Repulse Bay 1 Streaky Bay 1 Tourville Bay 0.1 East Port Phillip 1
Swan River Rottnest Island 1 Discovery Bay to Glenelg River 1 Robbins Passage Boullanger Bay 0.1 Munderoo Bay to Tickera Bay 1
Baird Bay 1 Shallow Inlet 1 Lucinda 1 Lake Illawarra 1
Gulf of St Vincent 1 King Island 1 Cairns area 1 Bushland Beach 1
Tuross 1 Munderoo Bay to Tickera Bay 1 Shallow Inlet 1 Parramatta River 1
Wilson Inlet 1 Wilson Inlet 1 Cape Bowling Green 1 Baird Bay 1
Lake Connewarre area 1 Robbins Passage Boullanger Bay 1 Clarence River 1 Botany Bay 1
Bushland Beach 1 Bowling Green Bay 1 Armstrong 1 Streaky Bay 1
Shallow Inlet 1 Moreton Bay 2 Townsville 1 Warden Lakes Esperance 1
North Darwin 2 Lades Beach 2 Bushland Beach 2 Discovery Bay to Glenelg River 2
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Table S3. (continued) 
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Tweed -2 Moolap Saltworks -2 Hastings River -2 Port Fairy -2
Port Stephens -2 Shoalhaven Estuary -2 Shoalhaven Estuary -2 Corner Inlet -2
Hunter Estuary -2 Mackay -1 Gulf of St Vincent -2 Bellambi Point -2
Bowen -2 Kangaroo Island -1 Port Stephens -1 Darwin Harbour -2
Darwin Harbour -2 Port Fairy -1 Franklin Harbour -1 Port MacDonnell -1
Mackay -2 George Town Reserve -1 Brunswick River Estuary -1 Murat Bay -1
North Darwin -1 Port MacDonnell -1 Roebuck Bay -1 Swan Bay Mud Islands -1
Shark Bay Carnarvon -1 Port Stephens -1 Alva Beach -1 George Town Reserve -1
Port MacDonnell -1 Dampier Saltworks -1 Tourville Bay -1 Hunter Estuary -1
Moreton Bay -1 King Island -1 Richmond River estuary -1 King Island -1
Shallow Inlet 0.1 Roebuck Bay 1 Eighty Mile Beach 1 Brunswick River Estuary 0.1
Great Sandy Straight 1 Cape Bowling Green 1 Tuross 1 Stansbury Oyster Point Yorke 1
Clarence River 1 Moulting Lagoon 1 Kinka Beach 1 Manning River Estuary 1
Richmond River estuary 1 Canunda National Park 1 George Town Reserve 1 Franklin Harbour 1
Armstrong Beach 1 Jack Smith Lake Gippsland Lakes 1 Port Hedland 1 Narawntapu National Park 1
St Helens Beach 1 Manning River Estuary 1 Kinka Wetlands 1 Clarence River 1
Botany Bay 1 Streaky Bay 1 Jack Smith Lake Gippsland Lakes 1 Streaky Bay 2
Bushland Beach 2 Longreef 1 Cape Portland 2 Bushland Beach 2
Eighty Mile Beach 2 Lades Beach 2 Kelso, Tamar Estuary 2 Baird Bay 2
Cairns area 2 Lake Eliza 2 Dampier Saltworks 2 Kelso, Tamar Estuary 2
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Woodman Point -2 Moolap Saltworks -2 Roebuck Bay -2 Hunter Estuary -2
Ocean Beach -1 Tullakool Saltworks -2 Coorong -2 Brunswick River Estuary -1
Shallow Inlet -1 Lake Hindmarsh Wimmera -1 Armstrong -2 Port Stephens -1
Hutt Lagoon -1 Swan Coastal Plain Lakes -1 Armstrong Beach -2 Dampier Saltworks -1
Robbins Passage Boullanger Bay -1 Coorong -1 Gulf of St Vincent -1 Toogoom to Point Vernon -1
Port Fairy -1 Kerang Lakes -1 Dampier Saltworks -1 Bushland Beach -1
Shoalhaven Estuary -1 Gulf of St Vincent -1 Repulse Bay -1 Camden Haven -1
Tweed -1 Peel Yalgorup Lakes -1 Werribee Avalon -0 Gulf of St Vincent -0
Murat Bay -1 Lake Eliza -0 Bowen -0 Carpenter Rocks -0
Swan Bay Mud Islands -1 Lake Albacutya Wimmera -0 Hunter Estuary -0 Nambucca River -0
Carpenter Rocks 1 Clarence River 0.1 Sandy Point Capr. Res 0.1 Lucinda 0.1
Yokinup 1 Lake Wyn Wyn area Wimmera 0.1 Botany Bay 0.1 SE Tasmania 1
Bushland Beach 1 East Port Phillip 0.1 Clarence River 0.1 Parramatta River 1
Cape Portland 1 Lake Gore 1 Eighty Mile Beach 0.1 Corner Inlet 1
Botany Bay 1 Warden Lakes Esperance 1 Bushland Beach 1 George Town Reserve 1
Lucinda 2 Nericon Swamp 1 Cairns area 1 Alva Beach 1
Discovery Bay to Glenelg River 2 Western Port Bay 1 Coffin Bay 1 Armstrong Beach 1
Manning River Estuary 2 Lake Corangamite area 1 Bush Point 1 Mackay 1
George Town Reserve 2 Wilson Inlet 1 North Darwin 1 Eighty Mile Beach 2
Swan estuary WA 2 Parramatta River 2 Cape Bowling Green 2 Botany Bay 2
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Table S3.4 Shorebird area trend ranks, expert threat assessments (Y = threat believed to be 
having local impacts on shorebirds) and data quality of 83 shorebird areas in Australia 
Variable explanations: 1,2,3 Shorebird area trend compared to average of all shorebird area trends for each 
species then summed across all species (n = 26), residents (n = 7) or migrants (n = 19): with values scored as 
positive when above the mean and negative when below the mean. Values within one standard deviation of 
the mean were scored +/- 0.1, between one and two SD +/– 1, and greater than two SD +/– 2; 4 Data quality 
score: 1 = best quality data, long time series with complete spatial and temporal coverage, to 6 = worst 
quality data used. 
 
            
Sh
or
eb
ird
 A
re
a 
N
am
e
to
ta
l r
an
k 
su
m
1
m
ig
ra
to
ry
 ra
nk
 su
m
2
re
sid
en
t r
an
k 
su
m
3
Ro
os
t a
va
ila
bi
lit
y
di
st
ur
ba
nc
e
w
at
er
 q
ua
lit
y
fo
ra
gi
ng
 h
ab
ita
t l
os
s
m
an
ag
em
en
t u
se
w
at
er
 a
va
ila
bi
lit
y
Q
ua
lit
y 
of
 ti
m
e 
se
rie
s
4
Ye
ar
s o
f d
at
a
ra
m
sa
r
la
tit
ud
e
lo
ng
itu
de
st
at
e
Gulf of St Vincent -12 -9 -4 - Y Y - - - 2 21 no -34.5 138.3 SA
Moolap Saltworks -12 -12 0 - - Y Y Y Y 1 33 no -38.1 144.4 Vic
Hunter Estuary -12 -13 1.1 Y Y - - Y - 1 26 yes -32.8 151.8 NSW
Coorong -11 -10 -1 - Y Y Y Y Y 1 16 yes -35.9 139.5 SA
Corner Inlet -8.2 -8 0.1 - - - - - - 1 30 yes -38.7 146.6 Vic
Swan Bay Mud Islands -7.5 -7 -1 Y - - - - - 1 33 yes -38.2 144.7 Vic
Tullakool Saltworks -7.1 -4 -3 - - Y - Y Y 4 5 no -35.4 144.2 NSW
Murat Bay -6.8 -5 -2 - - - - Y - 4 6 no -32.2 133.7 SA
Swan Estuary, WA -6.7 -8 1.7 Y Y - Y - - 1 34 no -32.0 115.8 WA
Woodman Point -5.2 -3 -2 - Y Y - Y - 4 19 no -32.1 115.8 WA
Lake Albacutya Wimmera -5.1 -2 -3 - - - Y - Y 2 5 yes -35.8 142.0 Vic
Coffin Bay -5.1 -5 -0 - - - - - - 6 7 no -34.5 135.2 SA
Roebuck Bay -4.7 -4 -1 Y Y - - - - 2 16 yes -18.1 122.4 WA
Port Fairy -3.5 -2 -1 - Y - - - - 3 16 no -38.4 142.4 Vic
Port MacDonnell -3.5 -3 -0 - Y - - - - 1 21 no -38.1 140.7 SA
Lake Hindmarsh Wimmera -3.4 -0 -3 - - Y - - Y 4 10 no -36.0 141.9 Vic
Albany -3.1 -4 1.2 Y Y - Y Y - 1 21 no -35.0 117.9 WA
Kerang Lakes -3.1 -2 -1 - - Y - - Y 3 10 yes -35.5 143.8 Vic
Great Sandy Straight -2.8 -3 -0 - Y - - - - 2 16 yes -25.6 152.9 Qld
Tourville Bay -2.8 -2 -1 - - - - - - 4 5 no -32.1 133.5 SA
Bush Point -2.3 -2 0 Y - - - - - 2 10 yes -18.2 122.2 WA
Hutt Lagoon -2.3 -1 -1 Y Y - - - - 5 6 no -28.2 114.2 WA
Bool lagoon -2.1 -2 -0 - - - - - Y 4 7 yes -37.1 140.7 SA
Swan Coastal Plain Lakes -1.9 -1 -1 Y - - Y - Y 2 22 no -32.3 115.8 WA
Ocean Beach -1.8 -1 -1 Y Y - Y Y - 6 6 no -42.1 145.3 TAS
SE Tasmania -1.8 -3 1.2 - Y - - - - 1 39 no -42.8 147.6 TAS
Robbins Passage & Boullanger Bay -1.6 0.3 -2 - Y - - Y - 2 23 no -40.7 144.8 TAS
Moreton Bay -1.4 -2 0.2 - Y Y - - - 2 30 yes -27.8 153.4 Qld
Moorland Point -1.3 -1 0 Y Y - Y Y - 6 8 no -41.2 146.4 TAS
Peel & Yalgorup Lakes -1.3 -0 -1 Y Y Y Y Y Y 1 13 yes -32.7 115.7 WA
King Island -1.3 -1 -0 - Y - - - - 4 8 no -39.9 143.8 TAS
Dampier Saltworks -1.1 -3 2 - - - - - - 7 5 no -17.7 122.2 WA
Werribee Avalon -1.1 -1 0 - - Y Y - - 1 30 yes -38.0 144.6 Vic
Anderson Inlet -1 -1 0.1 Y Y - Y Y - 1 16 no -38.7 145.8 Vic
Lake Wyn Wyn area Wimmera -0.7 0.3 -1 - - Y - - Y 4 11 no -36.7 141.9 Vic
Carpenter Rocks -0.6 -3 2.1 - Y - - - - 1 22 no -38.0 140.5 SA
Western Port Bay -0.3 -1 0.9 - Y Y - Y - 1 29 yes -38.4 145.5 Vic
Maurouard Beach -0.3 -0 -0 Y Y - Y Y - 5 10 no -41.3 148.3 TAS
Shark Bay -0.3 0.3 -1 - - - - - - 4 8 no -25.8 113.9 WA
Scamander 0 -0 0.1 Y Y - - Y - 6 9 no -41.5 148.3 TAS
Swan Hill 0 -0 0.3 - - Y - - Y 3 10 no -35.2 143.4 Vic
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Table S3.4 (continued) 
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Vasse-Wonnerup Estuary 0 0.1 -0.1 - - Y - Y Y 3 8 yes -33.6 115.4 WA
Esperance 0.1 0.2 -0.1 - Y - - - - 6 6 no -33.9 122.1 WA
Georges Bay 0.1 0.2 -0.1 - Y - Y - - 3 11 no -41.3 148.3 TAS
Policemans Point 0.1 0 0.1 Y Y - Y - - 6 5 no -41.1 148.3 TAS
Lake Buloke Wimmera 0.2 0.3 -0.1 - - - Y - Y 2 5 no -36.2 143.0 Vic
Kinka Beach 0.3 -0.4 0.7 - Y - - - - 4 13 no -23.2 150.8 Qld
Douglas area Wimmera 0.4 1.2 -0.8 - - Y - - Y 4 19 no -37.1 141.7 Vic
Fox and Pub Lakes 0.5 0.3 0.2 - Y - - - - 4 10 no -37.2 139.8 SA
Eyre Island 0.7 0.6 0.1 - - - - - - 6 5 no -32.4 133.8 SA
Nuytsland Nature Reserve 1.1 1.1 0 - - - - - - 1 29 no -33.3 124.0 WA
East Port Phillip 1.3 2.2 -0.9 - Y - - - Y 1 29 yes -38.1 145.2 Vic
Broadwater Busselton 1.3 1.1 0.2 - - Y - Y Y 4 6 no -33.7 115.3 WA
Lake Dulverton 1.3 0.3 1 - - - - Y - 5 12 no -42.3 147.4 TAS
Rottnest Island 1.3 1.3 0 - - - - - - 1 29 no -32.0 115.8 WA
Cape Portland 1.8 -2.1 3.9 - - - - Y Y 1 35 no -40.8 148.0 TAS
Moulting Lagoon 2.1 2.3 -0.2 Y - - - - - 5 18 yes -42.0 148.2 TAS
Lake Gore 2.2 1.1 1.1 - - - - - - 4 10 yes -33.8 121.5 WA
Jack Smith Lake Gippsland Lakes 2.4 1.3 1.1 - - Y - - Y 5 6 no -38.5 147.0 Vic
Narawntapu National Park 2.4 2.5 -0.1 Y Y - Y - - 4 18 no -41.2 146.6 TAS
Port Hedland 2.7 1.7 1 Y - - Y - - 4 5 no -20.2 118.9 WA
Shark Bay Carnarvon 2.7 2.8 -0.1 - - - - - - 4 8 no -25.8 113.9 WA
Botany Bay 2.9 1.1 1.8 Y Y - Y Y - 1 24 yes -34.0 151.2 NSW
Mallacoota 3 3 0 - - - - - - 4 10 no -37.6 149.7 Vic
Sceale Bay 3.2 3.1 0.1 - - - - Y - 3 11 no -33.0 134.2 SA
Lake George 3.4 3.4 0 - - Y Y Y - 2 12 no -37.4 140.0 SA
George Town Reserve 3.5 -0.5 4 Y Y - Y - - 1 38 no -41.1 146.8 TAS
Laverton Altona 3.9 5 -1.1 - Y - Y - - 1 31 yes -37.9 144.8 Vic
Lades Beach 4.2 6.2 -2 Y Y - Y - - 3 18 no -41.0 147.4 TAS
Parramatta River 4.2 1 3.2 Y Y - Y Y - 1 20 no -33.8 151.2 NSW
Lake Corangamite Area 4.3 1.2 3.1 - - Y - - Y 3 8 yes -38.2 143.5 Vic
Wilson Inlet 4.7 3.5 1.2 - - - Y Y Y 1 19 no -35.0 117.4 WA
Eighty Mile Beach 4.8 3.7 1.1 - - - - - - 2 9 yes -19.5 121.1 WA
Yokinup 5.1 2.1 3 - Y - - - - 6 8 no -33.9 123.1 WA
Shallow Inlet 6.2 8.1 -1.9 - Y Y - - - 2 10 no -38.8 146.2 Vic
Baird Bay 6.4 5.4 1 - - Y - - - 2 7 no -33.1 134.3 SA
Cairns area 6.5 5.3 1.2 Y Y - - Y - 1 32 no -16.9 145.8 Qld
Streaky Bay 6.9 6.1 0.8 - Y - - Y - 2 15 no -32.6 134.3 SA
Discovery Bay to Glenelg River 7.2 5.3 1.9 - - - - - - 3 11 no -38.2 141.3 Vic
Warden Lakes Esperance 7.4 5.2 2.2 - - - - - - 6 15 no -33.8 121.8 WA
Kelso, Tamar Estuary 7.7 5.7 2 Y Y - Y - - 4 17 no -41.1 146.8 TAS
Lake Connewarre area 8.4 5.1 3.3 - Y - - - - 1 33 yes -38.2 144.4 Vic
North Darwin 9.6 9.3 0.3 - Y - - - - 2 23 no -12.3 131.0 NT
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Table S3.4 (continued – for areas where expert threat assessments were not available) 
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Mackay -15.5 -15.8 0.3 NA NA NA NA NA NA 2 21 10.0 no -21.0 149.0 Qld
Richmond River estuary -13.5 -12.5 -1 NA NA NA NA NA NA 1 19 16.0 no -28.9 153.5 NSW
Tweed -11.1 -9.4 -1.7 NA NA NA NA NA NA 2 17 16.0 no -28.2 153.5 NSW
Kangaroo Island -10 -7 -3 NA NA NA NA NA NA 4 8 0.6 no -35.7 137.6 SA
Shoalhaven Estuary -10 -7 -3 NA NA NA NA NA NA 2 18 5.4 no -34.9 150.7 NSW
Port Stephens -8.4 -7.5 -0.9 NA NA NA NA NA NA 2 14 8.0 no -32.7 152.1 NSW
Fivebough Swamp -7.5 -3.4 -4.1 NA NA NA NA NA NA 4 13 2.0 yes -34.5 146.4 NSW
Armstrong -7.4 -6.4 -1 NA NA NA NA NA NA 6 15 10.0 no -21.5 149.3 Qld
Darwin Harbour -5.1 -5.1 0 NA NA NA NA NA NA 6 8 12.0 no -12.5 130.9 NT
Armstrong Beach -4.9 -4.8 -0.1 NA NA NA NA NA NA 2 19 10.0 no -21.4 149.3 Qld
Hastings River -4.6 -1.7 -2.9 NA NA NA NA NA NA 3 20 7.2 no -31.4 152.9 NSW
Coobowie Inlet Yorke Pen -4.2 -4.1 -0.1 NA NA NA NA NA NA 6 7 0.6 no -35.1 137.7 SA
Alva Beach -3.5 -2.6 -0.9 NA NA NA NA NA NA 6 7 5.7 no -19.5 147.5 Qld
Lake Hawdon -3 -1.1 -1.9 NA NA NA NA NA NA 3 8 0.9 no -37.2 139.9 SA
Repulse Bay -2.7 -2.7 0 NA NA NA NA NA NA 6 7 2.8 no -20.5 148.7 Qld
Yarrawonga Point -2.6 -2.4 -0.2 NA NA NA NA NA NA 4 9 0.2 no -21.7 149.5 Qld
Herdsman Lake -2.5 -2.7 0.2 NA NA NA NA NA NA 6 10 164.5 no -31.9 115.8 WA
Nambucca River -2.4 -2.3 -0.1 NA NA NA NA NA NA 7 10 10.5 no -30.7 153.0 NSW
Bowen -2.3 -3.3 1 NA NA NA NA NA NA 3 19 2.8 no -20.0 148.2 Qld
Blakeys Crossing -2.2 -2.3 0.1 NA NA NA NA NA NA 6 9 13.9 no -19.3 146.8 Qld
Goldsmith Beach to Wattle  -2.1 -2 -0.1 NA NA NA NA NA NA 4 8 0.6 no -35.1 137.7 SA
Mildura -2.1 -0.1 -2 NA NA NA NA NA NA 4 17 5.5 no -34.3 142.0 Vic
Black Point Yorke -2 -0.9 -1.1 NA NA NA NA NA NA 4 8 0.9 no -34.6 137.9 SA
Ewen Maddock Dam Calou -2 -0.9 -1.1 NA NA NA NA NA NA 6 17 39.4 no -26.8 153.0 Qld
Gunyah Beach -2 -2.1 0.1 NA NA NA NA NA NA 3 7 0.3 no -34.7 135.4 SA
Sandy Point Capr. Res -2 -1.9 -0.1 NA NA NA NA NA NA 6 11 1.6 yes -23.0 150.8 Qld
Bellambi Point -1.9 -2 0.1 NA NA NA NA NA NA 6 5 79.2 no -34.4 150.9 NSW
Rivoli Bay -1.5 -1.7 0.2 NA NA NA NA NA NA 4 8 0.9 no -37.5 140.1 SA
Toolakea Beach - 30k nth T -1.4 -1.3 -0.1 NA NA NA NA NA NA 6 8 13.9 no -19.1 146.6 Qld
Lake Robe -1.2 -1.1 -0.1 NA NA NA NA NA NA 4 10 0.9 no -37.2 139.8 SA
Lake Reeve Gippsland Lake -1 -1 0 NA NA NA NA NA NA 4 NA 10.3 yes -38.3 147.2 Vic
Camden Haven -0.8 -0.9 0.1 NA NA NA NA NA NA 4 6 7.2 no -31.6 152.8 NSW
Magnetic Island -0.7 -0.5 -0.2 NA NA NA NA NA NA 6 5 5.7 no -19.2 146.8 Qld
Brunswick River Estuary -0.4 0.6 -1 NA NA NA NA NA NA 3 12 16.0 no -28.5 153.5 NSW
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Table S3.4 (continued – for areas where expert threat assessments were not available) 
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Stansbury Oyster Point Yo -0.2 -1.1 0.9 NA NA NA NA NA NA 4 5 0.9 no -34.9 137.8 SA
Toomulla Beach - 45k nth T -0.1 -0.1 0 NA NA NA NA NA NA 6 7 1.5 no -19.1 146.5 Qld
Narooma Estuary -0.1 0.2 -0.3 NA NA NA NA NA NA 6 10 3.2 no -36.2 150.1 NSW
Sleaford Bay 0 0 0 NA NA NA NA NA NA 4 7 1.8 no -34.9 135.8 SA
Congo Point 0.2 0.2 0 NA NA NA NA NA NA 6 7 3.2 no -36.0 150.2 NSW
Maroochy River 0.3 0.5 -0.2 NA NA NA NA NA NA 4 15 39.4 no -26.6 153.1 Qld
Bowling Green Bay 0.5 0.8 -0.3 NA NA NA NA NA NA 6 8 5.7 no -19.3 147.4 Qld
Lake St Clair 0.5 0.3 0.2 NA NA NA NA NA NA 4 9 0.9 no -37.3 139.9 SA
Kinka Beach and Creek 0.7 0.6 0.1 NA NA NA NA NA NA 6 7 13.8 no -23.3 150.8 Qld
Cungalla 1.1 0.9 0.2 NA NA NA NA NA NA 6 5 0.0 no -19.0 147.1 Qld
Dubbo Sewage Ponds 1.1 -0.1 1.2 NA NA NA NA NA NA 4 10 2.0 no -32.2 148.6 NSW
Camila Beach 1.2 1.3 -0.1 NA NA NA NA NA NA 6 10 0.2 no -21.9 149.5 Qld
Lake Illawarra 1.4 1.2 0.2 NA NA NA NA NA NA 2 21 79.2 no -34.5 150.9 NSW
Bluewater Creek 1.4 1.5 -0.1 NA NA NA NA NA NA 6 6 13.9 no -19.1 146.6 Qld
Franklin Harbour 1.4 2.4 -1 NA NA NA NA NA NA 3 10 1.5 no -33.7 136.9 SA
Kinka Wetlands 1.5 0.7 0.8 NA NA NA NA NA NA 6 8 13.8 no -23.2 150.8 Qld
Moruya Estuary 1.5 1.3 0.2 NA NA NA NA NA NA 3 24 3.2 no -35.9 150.1 NSW
Mullins Swamp 1.6 0.8 0.8 NA NA NA NA NA NA 4 6 0.9 no -37.5 140.1 SA
Toogoom to Point Vernon 1.7 1.8 -0.1 NA NA NA NA NA NA 4 15 6.6 no -25.2 152.7 Qld
Clarence River 1.7 0.8 0.9 NA NA NA NA NA NA 2 22 5.1 no -29.4 153.4 NSW
Brou Lake 2 1.8 0.2 NA NA NA NA NA NA 6 9 3.2 no -36.1 150.1 NSW
Fitzroy River Mouth 2 2 0 NA NA NA NA NA NA 4 10 5.7 no -38.3 141.9 Vic
Nericon Swamp 2 2.1 -0.1 NA NA NA NA NA NA 4 6 2.7 no -34.2 146.0 NSW
St Helens Beach 2.2 1.3 0.9 NA NA NA NA NA NA 6 4 1.3 no -20.8 148.8 Qld
Lake Eliza 2.8 2.9 -0.1 NA NA NA NA NA NA 3 8 0.9 no -37.2 139.9 SA
Hamilton 3 2.2 0.8 NA NA NA NA NA NA 5 11 5.7 no -37.8 142.2 Vic
Townsville 3.8 3.5 0.3 NA NA NA NA NA NA 2 24 5.7 no -19.3 146.9 Qld
Longreef 3.8 2.8 1 NA NA NA NA NA NA 4 7 210.2 no -33.7 151.3 NSW
Munderoo Bay to Tickera B 4.1 4.3 -0.2 NA NA NA NA NA NA 4 6 1.5 no -33.7 137.8 SA
Canunda National Park 4.3 3.3 1 NA NA NA NA NA NA 4 7 0.2 no -37.6 140.2 SA
Tuggerah Lakes 5 3.6 1.4 NA NA NA NA NA NA 3 18 210.2 no -33.3 151.5 NSW
Tuross 6.6 5.5 1.1 NA NA NA NA NA NA 6 10 3.2 no -36.0 150.1 NSW
Cape Bowling Green 8.5 8.6 -0.1 NA NA NA NA NA NA 6 6 5.7 no -19.3 147.4 Qld
Manning River Estuary 11.1 9.1 2 NA NA NA NA NA NA 4 9 8.0 no -31.9 152.6 NSW
Lucinda 13.3 10.3 3 NA NA NA NA NA NA 6 8 1.5 no -18.5 146.3 Qld
Bushland Beach 16.1 14.8 1.3 NA NA NA NA NA NA 3 16 13.9 no -19.2 146.7 Qld
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Fig. S3.1 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Great Knot:  no 
significant trend, increases are greater in the north and east of Australia; (b) Red Knot:  no 
significant trend, decreases slightly greater in the west; (c) Bar-tailed Godwit:  3.2% 
national declines which are greater in the north; (d) Black-tailed Godwit:  6.1% decreases 
throughout Australia. Circle size is proportional to 0.5 x standard deviation of the trend.  
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Fig. S3.2 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Curlew Sandpiper:  
6.1% decreases greater in the south and west of Australia; (b) Sharp-tailed Sandpiper:  
4.6% decreases, decreases greater in the east; (c) Common Greenshank:  1.8% national 
declines which are greater in the east; (d) Marsh Sandpiper:  no significant declines 
throughout Australia. Circle size is proportional to 0.5 x standard deviation of the trend. 
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Fig. S3.3 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Pacific Golden 
Plover:  2.8% decreases throughout Australia; (b) Grey Plover:  2.0% decreases, decreases 
greater in the south and west; (c) Greater Sand Plover:  no significant trends, decreases 
which are slightly greater in the south and west; (d) Lesser Sand Plover:  8.5% decreases 
greater in the north and east of Australia. Circle size is proportional to 0.5 x standard 
deviation of the trend. 
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Fig. S3.4 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Grey-tailed tattler:  
2.9% increases greater in north and west of Australia; (b) Terek Sandpiper:  5.8% 
decreases, decreases greater in the north and east; (c) Whimbrel:  no significant trends, 
increases which are slightly greater in the north; (d) Sanderling:  no significant trend, 
increases slightly greater in the north and west of Australia. Circle size is proportional to 
0.5 x standard deviation of the trend. 
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Fig. S3.5 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Australian Pied 
Oystercatcher:  1.4% increases greater in south of Australia; (b) Red-capped Plover:  no 
significant trend, decreases slightly greater in the east; (c) Black-winged Stilt:  2.9%, 
decreases which are slightly greater in the east; (d) Red-necked Avocet:  3.2% decreases 
throughout Australia. Circle size is proportional to 0.5 x standard deviation of the trend.  
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Fig. S3.6 Decreases (dark circles) and increases (light circles) in shorebird abundance over 
time estimated from models not including latitude or longitude for (a) Red-kneed Dotterel:  
2.1% decreases throughout Australia; (b) Black-fronted Dotterel:  2.5%, decreases 
throughout Australia. Circle size is proportional to 0.5 x standard deviation of the trend. 
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Fig. S3.7 Non-significant differences in population change  for (a) areas for any shorebird 
species where unfavourable water quality was believed to be a local shorebird threat; (b) for inland 
resident shorebirds where loss of foraging habitat was thought to be a threat, population changes 
were generally more negative, but not significantly so; (c) local threats of disturbance; (d) lack of 
available roosts; (e) human activities were thought to be possibly impacting local populations; or (f) 
the sum of local threat types in an area. Median = dark horizontal line, upper edge of box = 75th 
percentile, lower edge of box = 25th percentile; whisker line ± 1.5 x interquartile range (75th 
percentile – 25th percentile), open circles = outliers.  
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Appendix C – Supplementary Material for Chapter 4 
Supplementary materials   
 
What can species distribution models tell us about mobile shorebird populations in 
Australia’s remote interior? 
Robert S. Clemens1, Jutta Beher1, Richard A. Fuller1, Richard T, Kingsford2, John L. Porter2, 
Danny I. Rogers3, Bill Venables1, Ramona Maggini1,* 
 
1 Centre for Biodiversity and Conservation Science, School of Biological Sciences, University of 
Queensland, St Lucia, Qld 4072, Australia. 
2School of Biological, Earth and Environmental Sciences, University of New South Wales, Sydney, 
NSW 2052, Australia 
3Arthur Rylah Institute for Environmental Research, PO Box 137, Heidelberg, Vic. 3084, Australia. 
* Present address: School of Earth, Environmental and Biological Sciences, Queensland University 
of Technology, Brisbane, QLD, Australia. 
 
Species classified as small 
The following species were classified as ‘small’ and were grouped together into ‘small 
shorebirds’: Marsh sandpiper (Tringa stagnatilis), Sharp-tailed sandpiper (Calidris acuminata), 
Curlew sandpiper (Calidris ferruginea), Wood sandpiper (Tringa glareola), Common sandpiper 
(Tringa hypoleucos), Red-necked stint (Calidris ruficollis), Long-toed stint (Calidris subminuta), 
Red-capped plover (Charadrius ruficapillus), Black-fronted plover (Elseyornis melanops), Inland 
dotterel (Peltohyas australis) and Red-kneed dotterel (Erythrogonys cinctus). Abundance values for 
the single species were summed to obtain abundance for the small shorebirds group. 
 
Additional details on environmental variables used for modelling  
Variables used for the modelling included: average elevation from Geoscience Australia’s 9 
second DEM http://www.ga.gov.au/scientific-topics/national-location-information/digital-elevation-
data; Soil Bulk Density http://data.daff.gov.au/anrdl/metadata_files /pa_sbdaar9cl__05111a00.xml; 
estimated mean ground water level (Fan et al., 2013a, b); the variability of upper soil moisture 
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levels (STDV of lower soil moisture – see below); area of forest cover 
http://www.ga.gov.au/scientific-topics/earth-obs/landcover (Lymburner et al., 2010); length of 
inundated wetland edge that is flat and do not border trees (areas were clipped from Geoscience 
Australia’s Inundated wetland layer if they had 0% tree cover based on the forest coverage map and 
the slope derived from the DEM was less than 1%); a variable representing regional availability of 
suitable wetland edges was derived by summing the wetland edge lengths from a neighbourhood of 
10 cells in each direction from the focal cell (the sum in each 0.1 degree cell was inclusive of the 
surrounding wetland edge lengths in a large neighbourhood of 2.1 degree grid cell); a variable 
including the area of fresh water wetland, and a variable of the area of salt water wetland both of 
which were derived by reclassifying the inundated wetland polygons as either fresh or salt based on 
the Directory of Wetlands https://www.environment.gov.au/water/wetlands/ australian-wetlands-
database/directory-important-wetlands and other available classifications i.e. 
http://www.dlra.org.au/ref-salt-lakes.htm. 
All ten remaining variables were also resampled to 0.1 degree grid cells and averaged 
monthly over the period 1981 – 2013. These temporal variables included climatic variables such as 
average monthly rainfall, average temperature, and vapour pressure 
(http://www.bom.gov.au/climate/averages /climatology /gridded-data-info/gridded-climate-
data.shtml ). It also included both upper and lower soil moisture. Soil moisture variables were also 
summed over one and two years. The cumulative upper soil moisture over the last two years was 
also subtracted from the cumulative soil moisture over the previous two years to that, thus creating 
a variable reflecting longer-term changes in soil moisture. This same differencing was done with 
one year cumulative soil moisture totals resulting in a one year differenced variable. 
ftp://ftp.eoc.csiro.au/pub/awap/Australia_historical/Run26j/           http://www.csiro.au/awap/ 
(Raupach et al., 2009). The monthly average NDVI value from NOAA satellite data from 1980 
through 2013 was also used. https://lta.cr.usgs.gov/noaa_cdr_ndvi . A variable representing stream 
flow was derived from the Bureau Of Metereology’s stream flow data from 3500 locations which 
included measured daily maximum flow in cubic metres per second 
http://www.bom.gov.au/waterdata/ . These point data included many missing values over time, and 
spatial coverage is most concentrated near Australia’s coast. The maximum monthly flow average 
was then subtracted from the mean of all the maximum monthly flow averages in the monthly time 
series for that cell in order to ensure that adjacent cells with varied river sizes all had mean values 
of approximately zero. The grid cells with missing values were then filled using simple thin plate 
splines within each month. As with the soil moisture data, cumulative totals of one and two years, 
and differences with previous years were used https://data.gov.au/dataset/water-data-online.  
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Processing steps, as well as reading and writing to rasters were done using python in 
ArcGIS 10.2 (ESRI, 2011), and the raster package in R (Hijmans, 2014). We ensured that none of 
the selected variables were highly collinear (r > 0.80). All data were prepared in Geocentric Datum 
of Australia (GDA 1994) coordinate system and 0.1 degree resolution. All other variables were also 
processed to match this reference grid. Nine of the selected variables did not vary temporally and 
were kept constant across time (Table 4.2). 
Original maps with boundaries for shorebird areas were obtained from Birdlife as kml files 
(www.birdlife.org.au/projects/shorebirds-2020/counter-resources, accessed 11 May 2016). 
Locations of saltworks and sewage works were obtained from the National wastewater treatment 
plants database (http://www.ga.gov.au/metadata-gateway/metadata/record/gca t_c8c2b794-1b3a-
1de9-e044-00144fdd4fa6/National+Wastewater+Treatment+Plants+ Database). 
 
Additional detail regarding statistical testing and evaluation 
The available abundance data were highly zero-inflated with over 80% of data being zeros 
for all species. A possible approach when modelling zero-inflated data is to generate a binomial 
presence-absence model and a second abundance-if-present model (Mullahy, 1986; Heilbron, 1994; 
Barry & Welsh, 2002), in this case assuming a Poisson distribution. The final predicted abundance 
is then obtained by multiplying the probability of presence generated by the first model, by the 
predicted abundance generated by the second model (Barry & Welsh, 2002). A similar approach 
using boosted regression trees (BRT), a machine learning technique for species distribution 
modelling (Elith et al., 2008), was used to predict waterbird abundance in Africa (Cappelle et al., 
2010).  
 
We developed the presence-absence and abundance BRT models by specifying a binomial 
and a Poisson distribution respectively, a tree complexity of seven, a learning rate of 0.01, a bag 
fraction of 0.75, and a maximum number of trees of 30000. Tree complexity was set to seven in 
order to capture the very complex relationships between different environmental predictors and 
shorebird presence or abundance. We used exploratory modelling and validation on the small 
shorebird dataset to confirm that a complexity of seven generated markedly better predictions than 
lower values ranging from three to six. 
 
When comparing seasonal differences, medians were used due to positive skew, and 
confidence intervals were calculated using percentiles of 2000 bootstrapped samples. Seasonal 
  
190  
  
medians were considered significantly different (p < 0.05) if two-tailed 95% confidence intervals 
did not overlap. 
 
Comparisons of coastal abundance and inland predictions required two steps before looking 
for negative correlation.  First, we derived the average change in annual abundance at coastal areas 
by calculating the difference between adjacent summer totals of shorebirds recorded along the coast 
from each of the 154 shorebird areas where sufficient data were available (Clemens et al., 2012). 
These differences were then averaged for all 154 areas. Second, average annual predicted 
abundance at inland areas was derived by taking the results from the BRT models and summing the 
grid cell predicted values within each month for the whole of Australia then averaging those 
monthly predictions from November to March of each summer. 
 
All multi-variate analyses were conducted using R software. All these analyses included 
scaled (subtracted the mean and divided by the standard deviation) predictor variables due to large 
differences in the units of measure (Crawley, 2012). Multi-variate statistical results were assessed 
using residual plots to test assumptions and identify temporal autocorrelation. Variance inflation 
factors were used to test for multicollinearity. Autocorrelation functions and residual plots in R 
were also used to inspect for autocorrelation in the residuals. Variable selection was done by using 
R’s stepwise AIC function where both forward and backward selection is optimized based on the 
Akaike information criterion (Venables & Ripley, 2002). 
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Table S4.1 Number of available summer (Nov. - March) records between 1981 and 2013 
for each shorebird species, or group of species modelled. 
 
 
Species Number of 
presence records 
Number of shorebird 
abundance records 
Migratory species reported 
Sharp-tailed 
Sandpiper 6107 3263 
Common 
Greenshank 4940 3097 
Red-necked Stint 4564 2564 
Latham's Snipe 3597 1863 
Curlew Sandpiper 2397 1632 
Marsh Sandpiper 2027 1256 
   
Resident species reported 
Masked Lapwing 32255 10671 
Black-fronted 
Dotterel 17128 4693 
Black-winged Stilt 16687 5065 
Red-kneed Dotterel 6281 2095 
Red-necked Avocet 4567 1713 
Red-capped Plover 4514 2944 
 
small shorebirds 28670 11205 
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Table S4.2 Assessment of shorebird presence-absence models (AUC, mean AUC cross-
validation) and abundance predictions (training correlation, and cross-validation data). 
 
 
 
 
 
 
 
 
 
 
 
  
species AUC  AUC cross presences  absences  training cross-validation 
  training validation correct correct correlation correlation 
Red-necked Stint 0.97 0.95 49 99 0.45 0.45 
Curlew Sandpiper 0.98 0.96 42 99 0.42 0.34 
Common Greenshank 0.96 0.94 47 99 0.91 0.30 
Sharp-tailed Sandpiper 0.96 0.93 46 98 0.90 0.31 
Marsh Sandpiper 0.98 0.93 40 99 0.86 0.40 
Latham’s Snipe 0.96 0.88 33 98 0.71 0.34 
Black-winged Stilt 0.94 0.91 41 92 0.94 0.25 
Red-necked Avocet 0.97 0.94 66 99 0.89 0.31 
Red-capped Plover 0.97 0.94 54 99 0.94 0.39 
Red-kneed Dotterel 0.95 0.90 40 97 0.95 0.33 
Black-fronted Dotterel 0.90 0.84 46 94 0.98 0.33 
Masked Lapwing 0.88* 0.83 52 84 0.81 0.43 
small shorebirds 0.91 0.84 63 94 0.97 0.59 
* approximated from ROC predicted values 
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Table S4.3 Coefficient of variation calculated for annual and monthly summed predictions 
of inland shorebird abundance for the whole of Australia and Pearson's correlation (r) 
between changes in coastal abundance and predicted inland abundance (df=29). 
 
 
 
  
species cv annual cv monthly r p-val 
Red-kneed Dotterel 56 162 - - 
Marsh Sandpiper 52 237 - - 
Sharp-tailed Sandpiper 35 56 -0.35 0.050 
Curlew Sandpiper 30 46 0.06 0.739 
Common Greenshank 26 39 -0.04 0.817 
Red-necked Avocet 20 28 - - 
Masked Lapwing 22 40 - - 
Black-fronted Dotterel 18 164 - - 
Red-capped Plover 17 74 - - 
Red-necked Stint 16 23 -0.22 0.235 
Black-winged Stilt 10 14 - - 
small shorebirds 14 28 - - 
Latham's Snipe 7 26 - - 
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Table S4.4 Average predicted seasonal abundance of four species of migratory shorebird 
in Australia (excluding areas within 1 km of the coast).  
 
Species Month (season) Median 1 CI 2 
Sharp-tailed Sandpiper October (spring) 844062 704973, 972917 
Sharp-tailed Sandpiper January (summer) 959242 766394, 1100313 
Sharp-tailed Sandpiper March (autumn) 496162 456882, 662922* 
    
Common Greenshank October 10725 9928, 11835** 
Common Greenshank January 13874 12746, 15629 
Common Greenshank March 9358 8525, 11180** 
    
Curlew Sandpiper October 119780 111690, 127710 
Curlew Sandpiper January 113942 103626, 122725 
Curlew Sandpiper March 101211 95846, 109386*** 
    
Red-necked Stint October 275821 247456, 285011 
Red-necked Stint January 248590 221043, 282786 
Red-necked Stint March 231719 224467, 256791 
1 Median reported due to strong positive skew in data  
2 CI estimated from percentiles in 2000 bootstrapped samples 
* Significantly less than either spring (southward migration) or summer  
** Significantly less than summer   
*** Significantly less than spring   
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Table S4.5 Predicted abundance of shorebirds within Australia (> 1km away from the 
coast).      (see Hansen et al. 2016, for details of methodology) 
 
 Species  Inland estimate 
Confidence1     Median 2 Confidence 
Interval 3 
 
Migratory species, estimates reviewed by experts 
 
Sharp-tailed Sandpiper 240,000 med 240324 210615, 272595 
Red-necked Stint 126,000 med 126328 120738, 133970 
Curlew Sandpiper 11,000 med 11241 10502, 12293 
Common Greenshank 8,400 med 8445 7804, 9720 
Marsh Sandpiper 31,000 low 31071 25643, 35021 
 
Resident species, estimates not reviewed 
 
Black-winged Stilt 900,000 - 904212 859999, 936702 
Red-necked Avocet 240,000 - 243514 216788, 282707 
Masked Lapwing 92,000 - 91870 81046, 105257 
Red-capped Plover 34,000 - 33949 28995, 37244 
Red-kneed Dotterel 15,000 - 14968 12444, 21869 
Black-fronted Dotterel 9,000 - 9064 8160, 10114 
 
1 Expert confidence in precision of result; med = medium (not seen as precise, but reasonable 
given available data and what is known), low = (no clear understanding of how precise estimate 
might be) 
2 Median reported due to strong positive skew in data  
3 CI estimated from percentiles in 2000 bootstrapped samples 
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Figure S4.1 Average (n=201) predicted abundance from monthly predictions from 
October to March 1981 - 2013 ; darker = greater abundance;  A) Marsh Sandpiper B) 
Latham’s Snipe; C) Black-fronted Dotterel; D) Masked Lapwing; E) Red-capped Plover; 
F) Red-kneed Dotterel. 
  
A.
F.E.
D.C.
B.
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Figure S4.2  Coefficient of variation of predicted abundance for each month from October 
to March 1981- October 2013; darker = greater variation (n=201);  A) Marsh Sandpiper;    
B) Latham’s Snipe; C) Black-fronted Dotterel; D) Masked Lapwing; E) Red-capped 
Plover;  F) Red-kneed Dotterel. 
A.
F.E.
D.C.
B.
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Figure S4.3   Predicted annual summer (November – March) shorebird abundance over 
time at Australia’s inland wetlands: A) Black-winged Stilt; B) Common Greenshank; C) 
Curlew Sandpiper; D) Red-necked Avocet; E) Red-necked Stint; F) Sharp-tailed 
Sandpiper; G) Black-tailed Godwit; H) Marsh Sandpiper; I) Masked Lapwing; J) Red-
capped Plover;  K) Red-kneed Dotterel; L) Black-fronted Dotterel. 
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Appendix D – Supplementary Material for Chapter 5 
What influence does inland wetland condition have on the abundance and apparent 
survival of migratory shorebirds?  
Clemens, R. S.1, Rogers, D. I.2, Minton, C. D. T.3, Rogers, K. G.4, Hansen, B. D.5, Choi, C. Y.1, and 
Fuller, R.A.1 
1School of Biological Sciences, University of Queensland, St Lucia, Qld 4072, Australia. 
2Arthur Rylah Institute for Environmental Research, PO Box 137, Heidelberg, Vic. 3084, Australia. 
3Victorian Wader Study Group, 165 Dalgetty Rd., Beaumaris, VIC 3193, Australia. 
4340 Ninks Road, St Andrews, Vic. 3761, Australia. 
5Centre for eResearch and Digital Innovation, Federation University Australia, PO Box 663, 
  Ballarat, Vic. 3353, Australia. 
 
Table S5.1 Maximum likelihood estimates of apparent annual survival (Phi) for the 
interval (t-1 to t where t = year) and capture probability (P) for three species of migratory 
shorebird which visit the Western Treatment Plant (a), Western Port (b), or Corner Inlet 
(c), Victoria, Australia during the nonbreeding season where pn is the nth percentile of the 
posterior distribution of survival estimates. 
(a) 
 
 
year mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P
1982 0.50 0.16 0.26 0.89 0.03 0.62 0.06 0.52 0.74 0.09 0.05 0.10 0.00 0.34 0.09
1983 0.66 0.15 0.38 0.95 0.07 0.62 0.06 0.51 0.74 0.09 0.09 0.11 0.01 0.43 0.09
1984 0.85 0.10 0.64 0.99 0.05 0.86 0.08 0.68 0.99 0.03 0.38 0.22 0.09 0.90 0.03
1985 0.74 0.14 0.47 0.97 0.00 0.89 0.07 0.75 1.00 0.04 0.42 0.23 0.09 0.92 0.04
1986 0.70 0.15 0.44 0.98 0.06 0.45 0.04 0.38 0.54 0.06 0.77 0.17 0.37 0.99 0.06
1987 0.74 0.11 0.54 0.95 0.11 0.72 0.06 0.60 0.84 0.12 0.73 0.19 0.31 0.99 0.12
1988 0.81 0.11 0.59 0.99 0.03 0.81 0.05 0.72 0.92 0.17 0.69 0.20 0.26 0.99 0.17
1989 0.69 0.12 0.46 0.93 0.02 0.84 0.05 0.76 0.93 0.11 0.46 0.25 0.09 0.95 0.11
1990 0.77 0.14 0.49 0.98 0.03 0.64 0.04 0.56 0.71 0.07 0.36 0.25 0.06 0.94 0.07
1991 0.64 0.13 0.43 0.92 0.17 0.77 0.05 0.68 0.87 0.20 0.57 0.25 0.12 0.98 0.20
1992 0.72 0.13 0.48 0.95 0.04 0.67 0.06 0.56 0.78 0.04 0.19 0.18 0.03 0.74 0.04
1993 0.65 0.16 0.37 0.96 0.05 0.66 0.06 0.56 0.77 0.17 0.16 0.18 0.01 0.74 0.17
1994 0.71 0.15 0.44 0.96 0.08 0.82 0.06 0.70 0.95 0.24 0.42 0.27 0.03 0.96 0.24
1995 0.62 0.18 0.32 0.97 0.00 0.75 0.11 0.58 0.98 0.10 0.42 0.25 0.07 0.95 0.10
1996 0.74 0.17 0.39 0.99 0.00 0.39 0.17 0.20 0.77 0.00 0.57 0.25 0.11 0.98 0.00
1997 0.80 0.14 0.47 0.99 0.12 0.63 0.23 0.26 0.98 0.09 0.66 0.23 0.18 0.99 0.09
1998 0.88 0.09 0.66 1.00 0.02 0.68 0.07 0.56 0.83 0.11 0.20 0.20 0.02 0.79 0.11
1999 0.80 0.13 0.53 0.99 0.05 0.85 0.08 0.69 0.98 0.08 0.81 0.15 0.45 0.99 0.08
2000 0.40 0.10 0.25 0.64 0.13 0.75 0.09 0.60 0.94 0.05 0.19 0.09 0.06 0.43 0.05
2001 0.73 0.15 0.44 0.97 0.09 0.57 0.05 0.47 0.68 0.16 0.60 0.19 0.26 0.96 0.16
2002 0.76 0.16 0.42 0.99 0.06 0.72 0.05 0.63 0.81 0.18 0.79 0.16 0.43 0.99 0.18
2003 0.51 0.22 0.15 0.97 0.09 0.81 0.07 0.69 0.96 0.08 0.84 0.12 0.56 1.00 0.08
2004 0.41 0.21 0.13 0.90 0.04 0.77 0.07 0.64 0.91 0.14 0.89 0.10 0.64 1.00 0.14
2005 0.65 0.20 0.27 0.98 0.01 0.74 0.10 0.57 0.97 0.02 0.48 0.20 0.17 0.93 0.02
2006 0.71 0.19 0.30 0.99 0.04 0.52 0.07 0.39 0.65 0.08 0.56 0.22 0.18 0.97 0.08
2007 0.77 0.17 0.36 0.99 0.05 0.82 0.07 0.68 0.95 0.13 0.38 0.24 0.06 0.93 0.13
2008 0.59 0.22 0.20 0.97 0.01 0.61 0.07 0.47 0.74 0.07 0.30 0.22 0.04 0.86 0.07
2009 0.59 0.23 0.17 0.97 0.07 0.65 0.07 0.53 0.82 0.12 0.58 0.24 0.13 0.98 0.12
2010 0.39 0.25 0.07 0.93 0.25 0.88 0.08 0.70 0.99 0.07 0.41 0.27 0.03 0.95 0.07
2011 0.18 0.21 0.01 0.82 0.12 0.91 0.07 0.76 1.00 0.04 0.09 0.15 0.00 0.58 0.04
Average 0.66 0.16 0.37 0.95 0.06 0.71 0.07 0.58 0.86 0.10 0.47 0.20 0.16 0.87 0.10
Sharp-tailed SandpiperRed-necked StintCurlew Sandpiper
Western Treatment Plant
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(b) 
 
(c) 
 
 
year mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P
1982 0.33 0.08 0.20 0.51 0.08 0.83 0.05 0.73 0.93 0.24 0.21 0.22 0.00 0.84 0.34
1983 0.93 0.06 0.79 1.00 0.16 0.73 0.05 0.64 0.83 0.23 0.36 0.27 0.01 0.94 0.39
1984 0.62 0.06 0.51 0.74 0.10 0.69 0.04 0.61 0.77 0.27 0.40 0.26 0.05 0.96 0.04
1985 0.86 0.08 0.71 0.99 0.17 0.82 0.05 0.72 0.91 0.20 0.60 0.24 0.15 0.98 0.04
1986 0.63 0.07 0.49 0.76 0.17 0.68 0.04 0.61 0.76 0.18 0.52 0.25 0.10 0.96 0.04
1987 0.70 0.06 0.60 0.81 0.06 0.70 0.03 0.64 0.76 0.43 0.62 0.23 0.16 0.98 0.18
1988 0.82 0.06 0.72 0.92 0.10 0.65 0.03 0.60 0.70 0.38 0.28 0.19 0.05 0.82 0.23
1989 0.77 0.06 0.67 0.88 0.18 0.72 0.03 0.66 0.78 0.41 0.43 0.24 0.08 0.94 0.12
1990 0.95 0.04 0.87 1.00 0.07 0.71 0.04 0.63 0.79 0.23 0.80 0.15 0.47 0.99 0.01
1991 0.63 0.07 0.51 0.78 0.10 0.80 0.06 0.67 0.92 0.26 0.48 0.23 0.14 0.96 0.03
1992 0.64 0.08 0.53 0.86 0.03 0.65 0.04 0.58 0.74 0.21 0.51 0.24 0.13 0.96 0.37
1993 0.91 0.06 0.80 1.00 0.16 0.91 0.05 0.81 0.99 0.27 0.18 0.19 0.02 0.80 0.36
1994 0.65 0.05 0.58 0.75 0.09 0.59 0.05 0.52 0.71 0.29 0.07 0.14 0.00 0.55 0.30
1995 0.86 0.09 0.64 0.98 0.10 0.87 0.08 0.68 0.98 0.03 0.36 0.26 0.03 0.94 0.38
1996 0.75 0.11 0.55 0.94 0.02 0.47 0.07 0.37 0.61 0.08 0.35 0.24 0.05 0.91 0.05
1997 0.75 0.15 0.49 0.97 0.02 0.72 0.07 0.58 0.85 0.10 0.53 0.26 0.09 0.97 0.09
1998 0.71 0.11 0.52 0.92 0.05 0.68 0.05 0.59 0.78 0.14 0.30 0.22 0.04 0.85 0.43
1999 0.65 0.09 0.48 0.82 0.06 0.70 0.03 0.63 0.77 0.29 0.40 0.23 0.07 0.91 0.02
2000 0.67 0.11 0.47 0.85 0.14 0.76 0.03 0.69 0.81 0.23 0.46 0.26 0.07 0.95 0.25
2001 0.77 0.09 0.59 0.96 0.04 0.71 0.04 0.64 0.78 0.21 0.34 0.22 0.06 0.88 0.04
2002 0.88 0.08 0.68 1.00 0.02 0.75 0.05 0.66 0.85 0.09 0.58 0.25 0.11 0.98 0.07
2003 0.38 0.06 0.27 0.51 0.10 0.58 0.03 0.52 0.64 0.15 0.47 0.25 0.09 0.96 0.28
2004 0.79 0.08 0.66 0.96 0.09 0.68 0.04 0.60 0.76 0.19 0.28 0.12 0.11 0.58 0.27
2005 0.82 0.13 0.56 0.99 0.04 0.91 0.04 0.82 0.97 0.17 0.59 0.20 0.24 0.97 0.28
2006 0.83 0.13 0.58 0.99 0.11 0.43 0.02 0.40 0.48 0.25 0.19 0.17 0.03 0.67 0.02
2007 0.57 0.16 0.33 0.87 0.00 0.61 0.04 0.54 0.69 0.13 0.51 0.27 0.08 0.97 0.09
2008 0.68 0.22 0.34 0.99 0.07 0.90 0.07 0.72 0.99 0.16 0.63 0.23 0.19 0.98 0.05
2009 0.81 0.16 0.48 0.99 0.02 0.95 0.04 0.85 1.00 0.03 0.48 0.23 0.12 0.95 0.53
2010 0.79 0.14 0.50 0.99 0.01 0.92 0.06 0.78 1.00 0.01 0.03 0.04 0.00 0.14 0.36
2011 0.91 0.07 0.75 1.00 0.07 0.97 0.03 0.89 1.00 0.02 0.42 0.29 0.01 0.96 0.46
Average 0.74 0.09 0.56 0.89 0.08 0.74 0.05 0.65 0.82 0.20 0.41 0.22 0.09 0.88 0.20
Western Port
Curlew Sandpiper Red-necked Stint Sharp-tailed Sandpiper
year mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P mean Phi sd p 0.025 p 0.975 P
1982 0.53 0.26 0.10 0.98 0.18 0.45 0.23 0.07 0.92 0.06
1983 0.16 0.17 0.01 0.72 0.15 0.63 0.21 0.22 0.98 0.00
1984 0.49 0.28 0.05 0.97 0.23 0.81 0.17 0.39 1.00 0.00
1985 0.61 0.25 0.10 0.98 0.27 0.86 0.11 0.60 0.99 0.00
1986 0.64 0.24 0.14 0.98 0.30 0.84 0.14 0.46 0.99 0.04
1987 0.37 0.25 0.04 0.95 0.18 0.24 0.28 0.02 0.93 0.01
1988 0.56 0.27 0.08 0.97 0.24 0.46 0.28 0.04 0.97 0.02
1989 0.63 0.25 0.13 0.99 0.27 0.62 0.25 0.09 0.98 0.30
1990 0.17 0.17 0.02 0.64 0.43 0.60 0.15 0.38 0.93 0.00
1991 0.64 0.23 0.17 0.98 0.06 0.77 0.16 0.46 0.99 0.02
1992 0.65 0.23 0.16 0.98 0.06 0.96 0.04 0.86 1.00 0.03
1993 0.59 0.21 0.27 0.97 0.01 0.45 0.10 0.30 0.66 0.04
1994 0.80 0.15 0.45 0.99 0.03 0.79 0.15 0.49 1.00 0.02
1995 0.69 0.19 0.33 0.99 0.01 0.77 0.15 0.47 0.99 0.00
1996 0.74 0.17 0.38 0.98 0.04 0.73 0.14 0.50 0.99 0.02
1997 0.64 0.21 0.23 0.98 0.01 0.86 0.11 0.64 1.00 0.01
1998 0.80 0.15 0.46 0.99 0.17 0.82 0.12 0.56 1.00 0.04
1999 0.75 0.18 0.38 0.99 0.04 0.38 0.08 0.26 0.55 0.02
2000 0.72 0.19 0.31 0.99 0.02 0.77 0.13 0.51 0.98 0.03
2001 0.19 0.15 0.04 0.67 0.01 0.82 0.12 0.60 1.00 0.02
2002 0.55 0.25 0.14 0.98 0.05 0.82 0.11 0.57 0.98 0.01
2003 0.49 0.24 0.09 0.95 0.15 0.48 0.08 0.35 0.64 0.00
2004 0.44 0.25 0.07 0.94 0.07 0.91 0.08 0.71 1.00 0.00
2005 0.60 0.26 0.13 0.99 0.12 0.94 0.05 0.81 1.00 0.01
2006 0.55 0.25 0.12 0.98 0.23 0.21 0.03 0.15 0.28 0.11
2007 0.22 0.22 0.01 0.86 0.33 0.78 0.13 0.50 0.99 0.10
2008 0.21 0.22 0.01 0.87 0.09 0.74 0.13 0.48 0.99 0.00
2009 0.30 0.26 0.02 0.93 0.35 0.75 0.15 0.45 0.99 0.02
2010 0.10 0.15 0.00 0.61 0.36 0.22 0.18 0.03 0.64 0.01
2011 0.42 0.29 0.01 0.97 0.46 0.27 0.20 0.03 0.77 0.01
Average 0.51 0.22 0.15 0.93 0.16 0.66 0.14 0.40 0.90 0.03
insufficient data
Curlew Sandpiper
Corner Inlet
Red-necked Stint Sharp-tailed Sandpiper
